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Management of produced water is a major issue offshore. The use of subsea pumps and 
flow regulating device is producing emulsions.  The presence of surfactant film in the 
production stream also stabilizes the emulsions, prevent droplets coalescence and 
introduce challenges to current separation technologies. The existing subsea produced 
water separation system uses large and bulky conventional gravity separators which have 
managed to reduce the residual content to 100-200 mg/l only, insufficient to meet the 
regulatory requirement for direct disposal. In order to meet the regulations, additional 
equipment, e.g. hydro-cyclones, coalescers, flocculation module and/of filters must be 
used. Changes in conventional strategies and separation techniques may become 
necessary to handle such challenge.  
Microfiltration has emerged as a useful alternative for treating the oil-water emulsions to 
meet the requirements.  In this work, tangential flow (cross flow) microfiltration of oil-
water mixture was studied for better understanding of oil-water separation, membrane 
fouling, and factors determining the membrane performance. The tangential flow 
microfiltration was investigated using a ceramic 0.5 μm membrane.  The experiments are 
limited to oily water solution with concentration of 500 ~ 1000 ppm residual oil. For 
safety reason, medium viscosity paraffin oil and heavier oil  (Mobil Exxon DTE10 Excel 
150)  were used as substitute to crude oil. At 500 ppm (0.05%) and 1000 ppm (0.1%) oil 
concentration, the ceramic 0.5 μm membrane was proven capable of producing a high 
purity filtrate lower than the threshold required for offshore produced water effluent, 





concentration, higher purity filtrate containing lower than 6 ppm residual oil in permeate 
was proven possible at a trans-membrane pressure not exceeding 2.5 bars. The results 
attained were useful for evaluating the potential of tangential flow microfiltration process 
in the produced water treatment, with respect to the suitability to fulfil the regulatory 
requirement for disposal.  
However, membrane has a major drawback in the form of fouling.  For the objective of 
control the fouling, a novel idea of having in-situ cleaning using ultrasound cavitations 
allowing remediation of a polluted surface during filtration was being tested. The fouling 
control experiments indicate significant recovery of filter permeability by the assistance 
of ultrasound. At 500 ppm (0.05%) oil concentration, 15.07% recovery in permeability 
were recorded with mean filtration capacity to improve from 2749.6 L m−2 h−1  to 2389.4 
L m−2 h−1. Significant decline in resistance of 18.93% indicates reduced fouling and the 
energy consumption required for maintaining the filtration flux, which may be used to 
supply the energy required for ultrasound cleaning.  Encouraging results shows it is 
indeed possible to conduct in-situ cleaning while the filtration is still in operation. The 
combined mechanism the tangential flow microfiltration and ultrasound cavitations, may 
offers an option for future treatment of some previously difficult separation application at 
remote operation, such as underwater applications, which is currently having difficulty 
for access and maintenance. The ultrasound enhanced microfiltration process can also be 
customized into a small diameter compact solution that will help address issues related to 
produced-water management at subsea in the future.  Operators can minimize water by 
reducing the volume of water brought to the land surface or the platform by separating oil 
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α - permeation constant (N/m). 
γ - the porosity of the medium (dimensionless). 
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σ  - standard deviation (dimensionless). 
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CHAPTER 1. INTRODUCTION 
1.1  Oil-In-Water Emulsions and Produced Water Management  
Produced water is the largest volume waste stream during the crude oil production 
process. Over the economic life of a producing field, the volume of produced water can 
exceed by ten times the volume of hydrocarbon produced. During the later stages of 
production, it is not uncommon to find that produced water can account for as much as 
98% of the extracted fluid. With volumes to this magnitude, the disposal of produced 
water becomes an important issue to both the operation and the environment [45].  
Produced water is the formation water that comes to the surface with oil and gas. 
It is very saline, contains dissolved hydrocarbons and organic matters (water, sands, 
dissolved gases, oil emulsion droplets, formation minerals, toxicants, etc). Further 
descriptions of the characteristics of produced water can refer appendix A. Produced 
water is considered hazardous, improper management can harm the environment. Current 
environmental regulations require the produced water be treated on the surface to meet 
water quality standards prior to disposal. Thus, separation technology need be deployed 
for treating the produced water to an appropriate quality prior to the disposal to the 
environment.  
Oil discharge limits were developed to control the amount of oil entering the sea 
from produced water discharges, such control is achieved using measurements of oil in 
the produced water leaving the water processing equipment [52]. The current regulations 
require the “total oil and grease” content of the effluent water to be reduced to levels 
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ranging between 15 and 50 mg/l depending upon the host country (refer Appendix B).  
For the instances, the U.S. EPA currently prohibits the discharge of produced water 
which exceeding 29 mg/l (or 32 ppm based on volume ratio) residual oil content to the 
Gulf of Mexico, as determined from an average of four samples taken within 24 hour per 
month [10]. However, conventional water treating equipment does not remove soluble oil 
from the water. The EPA does not differentiate between soluble and dispersed oil. Thus, 
the soluble oil concentration must be subtracted from the discharge limit to indicate the 
maximum amount of dispersed oil allowed in the effluent. For example, typical Gulf of 
Mexico values for soluble oil concentration range from 0 to 30 mg/l, although readings as 
high as 100 mg/l have been recorded [10]. With a maximum allowance of 15 mg/l is 
assumed for dissolved oil, the amount of suspended oil should not exceed 14 mg/l of 
residual oil content, which is approximated to around 15-16 ppm based on volume ratio. 
 
1.2.  Limitation of Conventional Separation Technologies 
Oilfield produced water treating equipment in use today is designed to remove discrete 
droplets of oil from the water phase. Conventional equipment such as gravity separator 
and hydro-cyclone separates the dispersed phases from continuous phases according to 
their density difference under the action of gravity force or centrifugal force induced by 
swirling flow. As droplet moves through chokes, valves, pumps, or other constrictions in 
the flow path, the droplets can be torn into smaller droplets by the pressure differential 
across the devices. These small droplets can be further stabilized in the water by the 
surfactants. The addition of excess production chemicals (such as surfactants) forms an 
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encapsulation of hydrophilic and/or hydrophobic particles on the oil droplets, as 
illustrated in Figure 1.2-1. It can further reduce the interfacial tension so that the 
coalescence and separation of small droplets become extremely difficult. As a result, 
produced water after separation from oil during the primary separation process may yet 
contains residual oil in form of emulsions. 
 
Figure 1.2-1: Oil emulsion droplets are stabilized with surfactant molecules. 
 
A typical oil droplets size distribution in produced water is illustrated in Figure 
1.2-2. It is possible to have more than 20 percents of the dispersed oil exists in the form 
of fine emulsions smaller than 10 μm in size. These fine emulsions are very difficult to 
separate from the background phase using the conventional separation technology. 




Figure 1.2-2: Typical oil particles size distribution curve [10]. 
For example, gravity separator is often used to give an initial separation of oil and 
water. It would separate most oil from water, and the small quantity of remaining oil in 
the water must be reduced to an acceptable limit before the water can be discharged into 
the sea or re-injected for water flooding. However, gravity separator is often inefficient 
when it has to deal with fine emulsion droplets. For due reason, modern gravity 
separators are always assisted by coalescing technique that allows droplets to grow in 
size prior to the gravity separation. However, the presence of surfactant film actually 
stabilises the emulsified oils and prevents coalescence when two oil droplets collide.  
Therefore, secondary treatment steps are often used to lower the residual content prior to 
the discharge.  
Alternatively, separation can be done with air-induced flotation tank based 
systems where a fine mist of air was injected in conjunction with surfactants to float oil 
droplets to the surface. This method and other conventional technologies, including 
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parallel plate coalescers and granular media filtration do not produce effluent that 
consistently meets the discharge limits and re-injection requirements [8] 
On the other hand, offshore oil industries have been increasingly using liquid-
liquid hydro-cyclones to separate the oily water to cut down the operating cost as well as 
solving the problem of space and weight. The hydro-cyclones produce a swirling flow 
which causes heavier fluid to be displaced outwardly and exit through apex, while the 
lighter phase exits through the vortex finder. This centrifugal mechanism is however, less 
suitable for emulsions where the dispersed phase is slightly lighter than the continuous 
phase, such as oil-in-water emulsion. Hydro-cyclones are though widely used for 
removing low-diameter suspended oils at the surface and down-hole, it has limitations to 
separate finer oil emulsion droplet from produced water. Therefore, the oil content of the 
disposal water stream from the hydro-cyclones will be limited to 200 ppm (Scott et al., 
2004). The performance of a hydro-cyclone deteriorates with drop size. A typical 
rejection of 50–80% at 20 μm oil droplets is reported to decline to between 10 and 30% 
for oil droplets at 10 μm drop size. Reduction of the oil particles below 20 μm drop size 
requires either a different process or a method to coalesce the oil drops before passage 
through the hydro-cyclone [34]. 
Apart from the above, there is another challenge to conventional separator about 
the size of equipment at subsea environment.  At shallower water, the wall thickness of 
the equipment is driven by internal pressure alone. When moving to deeper field, 
hydrostatic pressure dictates the wall thickness. The wall thickness is proportional to 
hydrostatic pressure, increases the diameter and eventually adding the wall thickness 
further. Hence, the increase in weight is disproportional to the depth. Hence, small 
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diameter compact solution with thinner wall requirement should be preferable criteria for 
future subsea processing and/or down-hole application. The problems are very crucial, to 
the extent which this is necessary to develop alternative technologies. There is thus an 
opportunity for membranes and other new technologies that can meet current limits 
across a variety of oil fields. For due reason, microfiltration has emerged as a useful 
alternative for treating the oil-water emulsions for produced water management in 
offshore field.  
Although the tangential flow microfiltration technology has been around for 
decades, it has been broadly used as filtration of solid particulates from liquid than the 
separation of liquid-liquid mixture. There is only a limited attention given to the 
application of microfiltration membranes to oil/water separation [2, 4, 6, 8, 9, 18, 29, 31, 
34, 43]. At the same time, the mechanics of the separation mechanism is still not well 
understood. Therefore, it is the aims of this thesis work to study the tangential flow (cross 
flow) microfiltration of oil in water mixture for the better understanding of oil-water 
separation, membrane fouling, membrane cleaning, and factors determining the 
membrane performance.  
 
1.3.  Objectives 
This research is aimed to develop a tangential flow microfiltration technology for 
separation of oil-in-water emulsions, for potential applications in future produced water 
management.  The objectives include: 
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• Setting up test facility to investigate separation performance and characteristics of 
tangential flow microfiltration of oil-in-water emulsions. 
• Conducting extensive fundamental investigation and understanding the 
mechanism of oily water separation via tangential flow microfiltration and 
process factors determining the membrane performance.  
• Studying the key phenomena relevant to the tangential flow microfiltration 
process such as flux decline, that is essential for understanding the mechanisms of 
membrane fouling. 
• Propose and test a fouling control technique using the in-situ ultrasound 
cavitations to maintain the filter performance for prolong duration, address the 
issue of fouling while the filter is still in the operation. 
• Evaluating the potential of tangential flow microfiltration process for the 
treatment of produced water with respect to the suitability to fulfil the regulatory 
requirements for direct discharge of purified effluent in sea. 
 
1.4.  Scope and Constraints  
The experiments focus on the fundamental study of factors affecting the separation 
performance such as the effects of oil concentration, tangential flow (cross flow) velocity, 
trans-membrane pressure on the permeate flux rate and separation efficiency, in relation 
to filter characteristics. However, the experimental study is not restricted to the 
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evaluation of microfiltration membrane performance in filtration of oil in water 
emulsions, the work is extended to the testing of a proposed fouling control measure 
using ultrasound cavitations. For fire safety reason, alternative substituent has been used 
as substitute to crude oil, such as coloured paraffin oil and hydraulic oil Mobil Exxon 
DTE10 Excel 150. Most of the experiments are limited to oil-water feed with 
concentration about the range of 500 - 1000 ppm of residual oil content.  In the meantime, 
the research is restricted to the study on the separation of oil from oil-water mixtures. 
Solids and toxic ingredients associated with the hydrocarbons products which represent 
significant threats to environment, for instances heavy metals, radioactive particles, and 
volatile carbon are not being considered in this work.  
 
1.5.  Thesis Outline  
In Chapters 1 and 2,  relevant literatures to the problem background was reviewed: how 
the stable emulsions was generated, and how they become a challenge to the oil and gas 
industry, especially in the produced water management, and then the research problem 
and objectives were defined.  In this thesis report, the application of tangential flow 
microfiltration process in the separation of oil in water emulsions is studied. Experiments 
were set up for conducting extensive investigation for better understanding the 
performance of oil water separation via tangential flow microfiltration and factors 
determining the membrane performance.  
In Chapter 3, mathematical models that describe the phenomena inside the 
membrane process were formulated to assist the understanding of the problem. Chapter 4 
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explains how the experiments were conducted, provides the basis on which results were 
collected, measured and analysed.  
In Chapter 5, the ability of ceramic membrane in separating oil in water emulsion 
is tested and presented. This study evaluates the ability of ceramic microfiltration 
membrane in filtering oil from the oil in water mixture. The primary objective of the 
experiment was to answer a research question whether tangential flow microfiltration is 
able to address the issue in produced water management, which is to reduce the residual 
content of the effluent to a level lower than maximum threshold as required for a 
discharge in sea.  
Although membrane microfiltration offers benefit as alternative to conventional 
separation techniques, the application is however limited by the problem of fouling. In 
Chapter 6, an attempt to control the fouling by using ultrasound would be tested and 
presented.  
Chapter 7 gives the final remarks and conclusions.  The principal contribution of 
this thesis report is identifying the limitations of current technologies in subsea 
processing and separation, proposed a solution using tangential flow microfiltration in 
produced water management, accompanied by a proposed fouling control measure using 
ultrasound, and proof of concept by the conducting the experiments for the supply of 
evidences. The information attained and knowledge gain is applicable to the design and 
development of future devices for the produced water management in subsea and down-
hole application.  
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All the results obtained will help form the conclusions and recommendations in 
Chapter 8, which reports the ongoing research activities and recommends future plan.  
Last but not least, all the raw data and contents which are not essential to the 
understanding of the main flow of this thesis report were presented in the appendices.  
These may be useful as a reference library to anyone who either wants to rework the raw 
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CHAPTER 2. LITERATURE REVIEW 
The purpose of this review is to summarise the statutory requirement for produced water 
treatment to provide a survey of the state of existing knowledge that pertains to the 
separation of oil water mixture using membrane technology, membrane fouling and the 
advancement in the techniques for controlling the membrane fouling. 
 
 
2.1.  Tangential Flow Microfiltration for Separation of Oil in Water Emulsion 
Membranes are thin films of synthetic organic or inorganic materials, which selectively 
separate a fluid from its components. Membrane separation such as microfiltration (MF), 
ultra-filtration (UF), nano-filtration (NF), and reverse osmosis (RO) can be used to 
separate different sized materials (Fakhru’l-Razi Ahmadun, 2009). The membrane 
pressure driven process relies on the pore size of the membrane to separate the feed 
stream components according to their pore sizes. Usually, MF is used for the separation 
of suspended particles, UF for the separation of macromolecules, and RO for the 
separation of dissolved and ionic components.  
A considerable amount of experimental works and theoretical modelling studies  
[2, 4, 6, 8-9, 18, 29, 31, 34, 43] in the past two decades that have made possible of the use 
of low pressure driven membranes for MF of membrane pore size between 0.1 to 5 μm of 
UF with membrane pore size less than 0.1 μm or a combination of MF/UF polymeric or 
ceramic membranes are suitable for removing oil content of oilfield produced water. This 
method involves using a low pressure to force the continuous phase to permeate through 
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a membrane into the discharge. The rejection efficiencies controlled primarily by the 
choice of the membrane pore size and not by the difference of density in between the 
dispersed phase and continuous phase.  
However, ceramic membranes are preferred over delicate polymeric membrane 
because the former have a better tolerance to high temperature, high oil contents, foulants, 
and strong cleaning agents [14]. Because of the many unique properties of the membrane 
technologies such as no phase change, no chemical addition and simple operation, 
membrane processes usually provide a better option over traditional separation method in 
oil and gas processing industries.  
Hlavacek reported in 1995 that oil-water emulsions containing a mixture of 
hydrophobic and hydrophilic surfactants undergo a phase inversion when extruded 
through microfiltration membranes [7]. The membrane material determines the resulting 
emulsion: when the membrane is hydrophobic or hydrophilic, a w/o (water in oil) 
emulsion or o/w (oil in water) emulsion is obtained, respectively. Laboratory tests 
showed that the choice of the membrane material is important to achieve separation.   
Cheryana reported in 1998 the chemical nature of the membrane can have a major 
effect on the flux [9]. For example, free oils can coat hydrophobic membranes resulting 
in poor flux. Hydrophilic membranes preferentially attract water rather than the oil, 
resulting in much higher flux. Hydrophobic membrane can be used, but usually in a 
tubular configuration that allows a high degree of turbulence (cross-flow velocity) to be 
maintained to minimize oil wetting of the membrane. Membranes with pore sizes 
equivalent to 50 000-200 000 MWCO should result in permeates with less than 10-100 
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ppm of residual oil content based on the volume ratio. For the case of feed with high 
concentrations of a soluble surfactant, microfiltration membranes with pore sizes of 0.1 
μm have also been recommended.   
In 1995, Koltuniewicz recommended  an effective separation of oil emulsion from 
water requires ultra/microfiltration performed with ceramic or certain hydrophilic 
polymeric membranes [6]. This recommendation is further supported by the experiments 
conducted by Mueller in 1997 [4].  The later have proven ceramic membranes at 
appropriate pore sizes is capable of producing a very high quality permeate from a feed 
concentrations around 250-1000 ppm of crude oil with droplets size range of 1-10 μm. 
Muller have tested two a-alumina ceramic membranes (0.2 and 0.8 μm pore sizes) and a 
surface-modified polyacrylonitrile membrane (0.1 μm pore size) by tangential flow (cross 
flow) microfiltration process with an oily water, containing various concentrations (250-
1000 ppm) of heavy crude oil with droplets range of 1-10 μm. In all cases of experiments, 
they have reported to produce a very high quality permeate, containing lower than 6 ppm 
of total hydrocarbons in the permeate sample. Chen also tested the performance of 
ceramic tangential flow (cross-flow) microfiltration in to separate oil, grease, and 
suspended solids from produced water [18]. Permeate quality of dispersed oil and grease 
was 5 mg/L and of suspended solids was less than 1mg/L. 
These test results show that although tangential flow microfiltration membranes 
can successfully treat produced waters, they experience a decline in permeate throughput 
or flux as a result of fouling. This flux decline is due to the adsorption and accumulation 
of rejected oil, suspended solids, and other components of produced water on the 
membrane surface (external fouling) or in the membrane pore (internal fouling). 
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The use of biodegradable or agricultural products as oil absorbents or filter 
materials also gained growing interest among researchers. Several biodegradable fibrous 
materials have been studied by researchers for their potential applications in oil spill 
cleanup an oily water filtration. Among them, Lim has experimented in 2007 an idea of 
removing oil from oily water using hydrophobic-oleophilic kapok (Ceiba pentandra) fibre 
[5]. The oily water containing 2.5% diesel were filtered in deep bed filtration module 
(contained the solvent treated fibres). The filtration performance was assessed through 
measurements of column breakthrough time, filtration rate, filtrate quality, and the 
amount of oil retained by the filter column at breakthrough under a constant vacuum 
pressure. The kapok fibres, both at its natural state and after solvent treatments, 
demonstrated excellent oil/water separation and filtration, for which oil was retained 
while water was filtered through the kapok filter column. The oil removal efficiencies 
consistently exceeded 99%. However, the filter column packed with solvent-treated 
kapok fibres showed premature breakthrough of the oily influent and produced less 
filtrate than that by the untreated kapok. 
In 2012, Priesjev has addressed the issue of oil removal from water using 
hydrophilic porous membranes [57]. The effects of trans-membrane pressure and cross 
flow velocity on rejection of oil droplets and thin oil films by pores of different cross-
section are investigated numerically by solving the Navier–Stokes equation. He found 
that in the absence of cross flow, the critical trans-membrane pressure, which is required 
for the oil droplet entry into a circular pore of a given surface hydrophilicity, agrees well 
with analytical predictions based on the Young–Laplace equation. With increasing cross-
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flow velocity, the shape of the oil droplet is strongly deformed near the pore entrance and 
the critical pressure of permeation increases.  
In 2013, Chen has reported a novel kind of super-hydrophilic hybrid membranes 
for effective oil/water separation [58]. The membranes were prepared by depositing 
CaCo3 based mineral coating on PAA grafted polypropylene microfiltration membranes. 
The rigid mineral coating traps abundant water in aqueous environment and forms a 
robus hydrated layer on the membrane pore surface, thus endowing the membrane with 
underwater super-oleophobicity. Under the drive of either gravity or external pressure, 
the hybrid membranes separate a range of oil/water mixture effectively with high water 
flux ( > 2000 L m-2 h-1) with perfect oil/water separation efficiency ( > 99%), high oil 
breakthrough pressure ( >140 kPa) and low oil fouling.   
Despite these advances, very few applications of this technology in the separation 
of oil water mixture have been implemented especially for offshore processing.  
Although many pilot tests have been conducted using membranes for filtering produced 
water but with limited success due to their propensity to foul irreversibly with oil and dirt 
[40].  If the operating conditions and cleaning regimes are not properly maintained, the 
life of the membranes may be significantly comprised and they require premature 
replacement.  
Therefore, more research in the context of filtration performance as to meet the 
discharge limits and effective handling or membrane fouling are considered the greatest 
challenges in this field. 
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2.2.  Ultrasound Separation Techniques  
Apart from articles which suggested to use membrane technology for separating the 
emulsion, a limited numbers of scientific papers were discovered applying the idea of 
ultrasound irradiation to enhance the separation of emulsions [20-24].  
 
Figure 2.2-1: Experimental apparatus [22]. 
 
Susumu Nii has reported in 2009 an acoustically aided separation of oil droplets 
from aqueous emulsions [22]. An acoustic chamber filled with porous medium was used 
for the separation of dilute dispersion of oil and water. Irradiation of 2.0 MHz or 420 kHz 
ultrasound to the sample was carried out with an apparatus shown in Figure 2.2-1. The 
ultrasound radiation is not strong enough to lead coalescence of oil droplets into a large 
one, however, it is strong enough to put together oil droplets under radiation force to 
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form flocks and start to rise with the help of buoyancy. It is strong enough to hold the 
shape after stopping irradiation. The flocks start to rise with the help of buoyancy.  
Another method based use of ultrasonic standing wave fields have been 
developed for the separation of particles from liquid streams [23-24]. These methods 
exploit the density and/or compressibility difference between suspended particle and the 
host liquid to yield efficient separations. 
 
Figure 2.2-2: A cross section of the separation channel [23]. 
 
 
Figure 2.2-3: Microscopic image of the main flow channel with and without ultrasonic 
actuation (frequency 6.2 MHz, particle flow 0.01 ml/min) [23]. 
 
In 2003, Fahlander proposed the use of ultrasonic particle separator for the 
removal of nano-size particle from the suspending flow using standing wave [23]. The 
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standing waves are obtained by means of a PZT mounted on the back side of a silicon 
chip. A sinusoidal signal from a function generator was amplified and connected to the 
PZ plate. The signal amplitude was controlled by means of a digital oscilloscope. The 
acoustic signal is tuned to fit the resonance criterion defined by the channel width, 
generating an acoustic standing wave both orthogonal to the liquid flow as well as in the 
plane of the silicon chip. Results show suspension with 800 nm particles flowing through 
the 120 μm separation chip at frequency of 6.2 MHz. However, increasing frequency and 
acoustic pressure is limited by cavitations. Acoustic pressures that are much greater than 
1 atm (105 Pa) would cause cavitations and disrupt the effects of acoustic radiation 
pressure and separation process. In this work, the actuation voltage amplitude, and 
thereby the acoustic pressure, was chosen below cavitations.  
 
Figure 2.2-4:  The acoustically driven porous media filtration process [24]. 
Gupta has reported in 1997 a novel method of filtration (a hybrid between 
acoustic and physical screening methods) of liquid suspensions containing micron sized 
particles [24]. A resonant ultrasonic field of mild intensity is propagated through a porous 
medium as illustrated in Figure 2.2-4.   When suspension passes through the chamber, the 
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particles are retained within the porous medium due to the acoustic radiation forces. 
Particles trapped within the porous medium can be harvested by simply deactivating the 
acoustic field and sweeping them out from the porous medium by flushing (in either the 
forward or backward direction) with processing fluid. This method is different from other 
ultrasound-assisted membrane which, intense ultrasonic fields are used to create 
vibrations in the filter medium (or in the cake formed above the medium) to prevent or 
reduce clogging. 
Although experimental results in these literatures suggest that the ultrasound 
irradiation enhances the separation of emulsions. However, description of the 
enhancement effect was made with the comparison between on and off of ultrasound and 
sometimes the comparison was just qualitative. 
 
2.3.  Membrane Fouling  
Membrane-based separation technique offers a possible solution but it has drawbacks of 
membrane fouling. Membrane fouling is defined as the process in which solute or 
particles deposit onto the membrane surface or into membrane pores such that membrane 
performance is deteriorated. Membrane fouling can cause severe flux decline and affect 
the quality of the water produced. As a result, operating costs of a treatment plant is 
therefore increased. There are various types of foulants namely colloidal (clays, flocs), 
biological (bacteria, fungi), organic (oils, polyelectrolytes, humics) and scaling (mineral 
precipitates) [41]. 
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As flow tries to move across the membrane, micron size particles or suspended 
droplets tends to form bridge-like structure (Figure 2.3-1) within the void spaces and 
trapped within the porous matrix. If the flock of particles is larger than pore diameter they 
would deposit on the wall or trapped within the neck of the pore, subsequently acts as 
collector of more droplets or fine particles released from porous medium. The 
hydrodynamic drag due to ongoing flow of the host medium may not be sufficient to 
entrain the foulants into the flow [19].  
 
Figure 2.3-1: Sketch of hydrodynamic bridging of particles [19]. 
 
Fouling is a fundamental limitation to economic viability of membrane in 
produced water treatment. Several approaches to mitigate this problem have been 
attempted, among them are cross flow filtration, the use of vibratory or centrifugal 
devices to enhance shear at the membrane surface, modification of membrane surfaces to 
increase hydrophilicity, and pre-treatment of feed [9]. The permeability of membrane 
filter decrease due to fouling particles/droplets in the pores leads to significant decline in 
productivity. 




2.4.  Emerging Techniques for Prevention of Membrane Fouling. 
Membrane fouling presents major obstacle for the wide spread use of this technology, it 
causes severe flux decline and affect the quality of the water produced. Severe membrane 
fouling may require interruption of production time for intense cleaning or replacement. 
The usual methods of membrane cleaning include physical and chemical cleaning 
methods.  Forward flushing or backwashing need to drive the water through the 
membrane pores forwards or backwards by pressure. Chemicals such as detergent, alkalis 
and acids are often used to clean fouled membranes by chemical reaction to weaken the 
cohesion forces between foulants and the adhesion force between foulants and the 
membrane surface. However, a number emerging methods attempted to prevent 
membrane fouling have been reported in the recent years. 
Firstly, a technique to reduce surface fouling as reported by Holdich in 1998 was 
to induce an internal helical fluid flow path (Figure 2.4-1) through the tubular cross flow 
micro filter [2]. The inclusion of a helical insert within the filter leads to a considerable 
change in the fluid flow pattern, providing stable flux rates and rejections of up to 96%, 
under a variety of operating conditions, and the pressure required to produce permeate 
flow was a small fraction of that needed when filtering with conventional microfiltration 
membranes: between 3 and 9 kPa. It appears that the rotational flow will make a 
contribution towards the rejection of oil drops for diameters between 10 and 3 μm, under 
the investigated flow conditions. 




Figure 2.4-1: Illustrations of inserts used in filtration tests [2]. 
 
An alternative method of creating increased shear rates at the membrane surface is 
to move the membrane itself. The principle of vibratory membrane filtration known as 
VSEP (vibratory shear enhanced process) has been introduced by New Logic Research 
Inc. in 2004. It employs torsional oscillation (at a rate of 50 Hz) at the membrane surface 
to avoid surface fouling. V-SEP moves the membrane (leaf) elements in a vibratory 
motion tangential to the face of the membrane. The feed slurry moves at a low velocity 
between the parallel membrane leaf elements. The shear waves induced by vibration of 
the membranes repel solids and foulants from the surface giving free access for liquid to 
the membrane pores (Figure 2.4-2 and Figure 2.4-3). It was claimed that the vibration and 
oscillation of the membrane surface itself helps to lower the available surface energy for 
nucleation, hence inhibits crystal formation on the membrane surface. The results were a 
reduction of colloidal fouling and minimize scaling on membrane surface due to 
concentration of rejected materials [15].  




Figure 2.4-2: VSEP versus cross flow filtration [15]. 
 
 
Figure 2.4-3: VSEP resonating drive system [15]. 
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Alternatively, ultrasound may be used as a solution for in-situ cleaning of fouled 
membrane. Ideas to apply ultrasound for membrane cleaning are found in patents and 
very limited numbers of scientific papers [46-49].   
 
Figure 2.4-4: Experimental set-up for ultrasound-assisted cleaning of polymeric 
membranes in a cross-flow unit [46]. 
 
In 2004, S. Muthukumaran has attempted to clean a fouled polysulfone (PS) flat 
sheet ultra-filtration membrane with a molecular weight cut off of 30,000 and an effective 
membrane area of 30 cm2 by applying  50 kHz of ultrasound [46]. The result indicate that 
the ultrasound irradiation is effective in the removal of protein foulants and so increases 
the permeate flux after fouling and so increases the permeate flux after fouling. 
Sonication times of around 10 min appear to be effective with no advantage to be gained 
in increasing sonication times beyond this value. 




Figure 2.4-5: Filtration capacity with and without ultrasound [47]. 
 
In 2010, Pirkonen applied two minutes ultrasonic pulse in every hour interval on 
the ceramic capillary filter and the results indicate a higher level of filtration rate as 
compared with the case without ultrasonification [47]. These applications applied 
ultrasound for cleaning of ceramic capillary action elements, which are patented sintered 
alumina membranes with micro pores that create strong capillary action in contact with 
water. 
In 2003, Kobayashi also applied the ultrasound to remove fouling of ultrafiltration 
(UF) and microfiltration (MF) membranes which were used to treat peptone and milk 
aqueous solutions [48]. It was found that 28 kHz frequency US could enhance formation 
of the fouled layer in both filtration systems of peptone and milk solution.  




2.5.  Importance of the Research 
There is growing interest in processing the produced fluids subsea, to achieve 
improved recoveries and greater efficiencies [3]. So far only Type 1 and 2 (Table 2.5-1) 
processing technologies have been implemented with success at subsea.   
 
Table 2.5-1: Subsea processing classification [3]. 
 
The current FMC subsea separation module in StatoilHydro’s Tordis field 
represents a thus far the most successful Type 2 processing equipment actually installed 
and operating. The system is however, far from able to meet the need for a completion 
separation and the disposal of produced liquids at subsea. New technologies will be 
required to meet current limits and reinjection requirements, as well as future, more 
stringent discharge regulations. For instances, Type 3 processing technology requires 
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complete separation at subsea condition, so as to meet the regulatory standards for a 
direct discharge at subsea.  
Tangential flow microfiltration is technically among the most feasible alternative 
for effective separation of water from oil in water emulsion. The tangential flow 
microfiltration shows great potential to meet current discharge limit for the produced 
water (with residual oil content lower than 29 mg/l or 32 ppm based on volume ratio), 
which may lead to the solution for a more productive Type 3 technology that  allows a 
complete separation of produced water at subsea. If  the technology is eventually 
developed, the oil and gas industry will expect not only major saving from the oils 
recovered out of produced water, but also the cost saving from the need to pump the 
produced water to topside facilities (floating platform, and/or FPSO) for further treatment 
prior to disposal to sea.  
Today, the gravity separation is still being used in subsea separation process, the 
size of the equipment remain bulky and heavy, making the installation, maintenance and 
intervention difficult. The tangential flow microfiltration has the potential of sharing 
capacity undertaken by gravity separator, especially in the separation of finer dispersed 
phase such as emulsified droplets less than 10 μm in diameter. This may reduce the need 
for long settling time in gravity tank, hence, lead to a reduction of equipment size and 
weight. The combination of microfiltration with compact separation may be a possible 
solution to replace the conventional gravity separation for the installation at deeper sea 
floor. A goal of this thesis work is to test the tangential flow microfiltration process by 
experiments, and provide the information necessary to assess the potential of this 
technology for possible future application in subsea processing. 
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CHAPTER 3. MODELING OF FLOWS THROUGH 
POROUS MEDIA FILTER.  
Although this research is experimental in nature, it is still important to review 
mathematical models [56] that describe the phenomena inside the membrane process as 
formulated in this chapter.  Reviewing the formulation in porous media model would 
assist the author to design the experiments to obtain empirical values, which would be 
useful as the inputs for future CFD simulation of the microfiltration process.  
 
3.1.  Porous Media Model 
The porous media model incorporates an empirically determined flow resistance in a 
region of the model defined as “porous”. In essence, the porous media model is nothing 
more than an added momentum sink in the governing momentum equations. As such, the 
following modelling assumptions and limitations should be readily recognized: 
(a) Since the volume blockage that is physically present is not represented in 
the model, by default FLUENT uses and reports a superficial velocity 
inside the porous medium based on the volumetric flow rate, to ensure 
continuity of the velocity vector across the porous medium interface.  
(b) The effect of the porous medium on the turbulence field is only 
approximated.  
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(c) The specified heat capacity Cp for the selected material in the porous zone, 
Cp is entered as a constant value. 
 
3.2.       Momentum Equation for Flow through Porous Media  
Porous media are modelled by the addition of a momentum source term to the standard 
fluid flow equations. The source term is composed of two parts: a viscous loss term, and 
an inertial loss term.  
  (3.2-1) 
where Si is the source term for i-th (x, y, or z) momentum equation, |υ| is the 
magnitude of the velocity and D and C are prescribed matrices. This momentum sink 
contributes to the pressure gradient in the porous cell, creating a pressure drop that is 
proportional to the fluid velocity (or velocity squared) in the cell.  
As stated in paragraph 3.1 (a), the superficial velocity in the governing equations 
can be represented as 
     (3.2-2) 
where γ is the porosity of the media defined as the ratio of the volume occupied 
by the fluid to the total volume. 
In the case of simple homogenous porous media, 
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     (3.2-3) 
where α is the permeability and C2 is the inertial resistance factor (simply specify D 
and C as diagonal matrices with 1/α and C2, respectively, on the diagonals and zero for 
the other elements). 
However, the constant C2 can be considered to be zero, if the flow through porous 
media is in laminar. Ignoring convective acceleration and diffusion, the porous media 
model then reduces to Darcy’s Law (the pressure drop is typically proportional to 
velocity alone): 
       (3.2-4) 
The pressure drop that is computed in each of the three (x, y, z) coordinate 
directions within the porous region is then  
     (3.2-5a) 
     (3.2-5b) 
     (3.2-5c) 
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where  are the entries in the matrix D in equation (3.2-1),  are the velocity 
components in x, y, and z directions, and the permeability and , , and  are the 
thicknesses of the medium i and z directions.  
Here, the thickness of the medium ( , , and ) is the actual thickness of 
the porous region in the model (if the thicknesses used in the model differ from the actual 
thicknesses, we must make the adjustment in the inputs for  and C2 is the inertial 
resistance factor (simply specify D and C as diagonal matrices with 1/α and C2, 
respectively, on the diagonals and zero for the other elements). 
 
3.3.  Energy Equation for Flow through Porous Media 
In the porous medium, the conduction flux uses an effective conductivity and the 
transient term includes the thermal inertia of the solid region on the medium:  
 
    (3.3-1) 
where  
Ef  = total fluid energy; 
Es = total solid medium energy; 
γ  = porosity of the medium; 
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keff  = effective thermal conductivity of the medium; 
 = fluid enthalpy source term. 
The isotropic effective thermal conductivity in the porous medium, keff, is 
computed as the volume average of the fluid conductivity and the solid conductivity: 
     (3.3-2) 
where  
γ  = porosity of the medium; 
kf  = fluid phase thermal conductivity; 
ks  = solid medium thermal conductivity. 
The fluid thermal conductivity kf and solid thermal conductivity ks will be 
computed via user defined functions.  The porosity, γ, is volume fraction of fluid within 
the porous region. This term is used in the prediction of heat transfer in the medium, as 
described in (3.3-1) 
 
3.4. Deriving the Porous Coefficient Based on Experimental Data 
Experimental data that is available in the form of pressure drop against velocity through 
the porous components can be extrapolated to determine the coefficients for the porous 
media. To affect a pressure drop across porous medium of thickness Δn, the coefficients 
of the porous media are determined in the manner described below. 
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Experiments can be conducted and the experimental data can be plotted in a xy 
curve, yielding a trend-line for pressure drop versus velocity in the following form of 
equation: 
                 (3.4-1) 
where Δp is the pressure drop and υ is the velocity. 
Note that a simplified version of the momentum equation, relating the pressure drop 
to the source term, can be expressed as  
        (3.4-2) 
          (3.4-3) 
where  ρ = density of fluid, porous media thickness, Δn, is known, assuming the 
constant C2 to be zero (for laminar flows through porous media), then the viscous inertia 
resistance, 1/α, can be obtained from the following equation : 
        (3.4-4) 
3.5  CFD Analysis 
The dynamics of multiphase flow in the filtration system is complex,  the 
modelling using FLUENT software even though not a suitable substitute to the 
experiments, however, it allows the optimization and improvement of the design during 
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the development stage at a very low cost and reduces numbers of prototypes required to 
conduct the actual experimentation. 
This work is though experimental in nature, the later stages of the project may 
requires  the use of porous media model in FLUENT to assist the design development and 
optimization for the innovative produced water management system. The computational 
efforts will require an empirically determined flow resistance in a region defined as 
“porous”. Therefore, the experiment is setup to consider the required input for  FLUENT, 
such as the empirically determined permeation constant K of the selective membrane 
filter. The experimental results will be presented in terms of pressure drop against flow 
velocity through the porous component as shown in eq. (3.4-1), where the coefficients A 
and B can be determined. By assuming a simple homogenous porous media and laminar 
flow across the porous media, the viscous inertia resistance, 1/α will be obtained through 
eq. (3.4-4), where the constant α is actually representing K/ ∆x as given in eq. (4.4-2). 
Once the empirical values been obtained from the experiment, these values can be input 
into the model for CFD computation for studying the design dimensions of 
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CHAPTER 4. METHODOLOGY. 
The chapter details how the experiments were conducted, provides the basis on which 
results were collected, measured and analysed. This information is important to enable 
possible repetition of the work in the future with sufficient accuracy for obtaining the 
same results. 
 
4.1.  Experimental Set Up 
A two phase test rig was built for conducting experiments on the separation of oil-in-
water emulsions using tangential flow microfiltration. The experimental set up is shown 
in Figures 4.1-1 and 4.1-2. The test rig is designed for the testing of multiphase flow 
equipment such includes multiphase pump, hydrocyclone and membrane filter. A 
simplified flow schematic diagram for the tangential flow microfiltration loop is depicted 
in Figure 4.1-3. 
 
Figure 4.1-1: Multi-purpose two phase test rig. 




Figure 4.1-2: Flow schematic for multi-purpose two phase test rig. 
 
 
Figure 4.1-3: Flow schematic for tangential flow microfiltration loop. 




The experimental setup consists of an emulsion feed tank equipped with a mixer,  a clean 
water tank, a centrifugal feed pump, a tangential flow microfiltration module, two 
numbers of vortex flow meters, pressure gauges,  thermo sensors, valves and piping as 
depicted in Figure 4.1-2  to 4.1-3. In this experiment the effectiveness of membrane 
microfiltration technology for the rejection of oil from oily water mixture are studied 
from the operational perspectives. The operational parameters include the flux care, oil 
rejection efficiency in relation to membrane characteristics and the membrane fouling 
characteristics. The technical specifications of the facility components used in the 
experiments can be found in  Appendix G. 
 
Figure 4.1-4: Flow schematic for backflush cleaning loop. 
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A ceramic 0.5 μm membrane is initially back-flushed by feeding the water from 
clean water tank. Firstly, SV17 is shut off and SV6 is opened to allow clean water to 
flush through the internal surface of the ceramic membrane.  Next, SV6 is shut off and 
SV17 is opened back to proceed with the back-flush cleaning operation until the 
membrane is clean. The contaminated oily water was flushed to the emulsion tank to 
avoid contamination of the clean water tank. After the cleaning, the oil in water feed was 
pumped into the microfiltration module for experiment.   
The separation of the oil from water is achieved by applying atmospheric pressure 
to the permeate side of the membrane whilst the other side is exposed to the pressurised 
liquid to be separated. When the feed stream flows through the membrane bounded 
channel, it splits into two streams, namely, the retentate and the permeate or filtrate. The 
retentate is returned to the feed tank whist the filtrate was collected for measurement of 
residual oil content. Some of the feed was bypassed to the feed tank, the feed rate to 
membrane module is regulated by varying the rate of flows returning to feed tank (SV5), 
while the desirable trans-membrane pressure drop is obtained by varying both the 
incoming flow rate, as well as the choke valve (TV1) on the retentate side. When the feed 
flows through the filter tube, oil droplets tend to deposits on the membrane, but are 
continuously removed by the feed flowing tangentially across the surface of the 
membrane.  The inlet and outlet pressure (permeate side) were recorded by P1 and P6 
pressure transducer. Permeate was collected every 5 minutes and then measured. The 
purified liquid flows through the membrane as permeate. The residual oil content is 
measured by withdrawing flow samples (LSV2) from permeate from time to time, 
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whereas the retentate (fluid which are not able to pass through the filter) will be returned 
into the feed tank or drain off directly through DV1.  
 
4.2 Physical Properties of Paraffin Oil 
For safety reason, liquid paraffin which represents moderate viscosity oil is used 
as the substitute to crude oil. Coloured liquid paraffin is used to enable visual inspection 
during the preparation of emulsion. However, paraffin is a mixture of hydrocarbon, the 
physical property, such density, API and viscosity of liquid paraffin varies with its 
hydrocarbon composition and wax content [26]. The physical properties of liquid paraffin 
must be determined prior to any experiments.  
 
Figure 4.2-1: 100 mL of coloured paraffin oil is weighed to determine the density  
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The density of liquid paraffin is determined by subtracting the empty weight from 
the weight  of 100 mL of paraffin oil in volumetric and then divide by the volume, as 
depicted in Figure 4.2-1. The density of the sample was determined to be 905 kg/m3. 
API gravity is a measure of how heavy or light petroleum liquid is compared to 
water. The API gravity of petroleum liquids, according to the American Petroleum 
Institute, is defined as: 
 …………………… (4.2-1) 
    …………………… (4.2-2) 
Finally, the specific gravity and API gravity of the liquid paraffin oil is 
determined as 0.9068 and 24.54, respectively. 
On the other hand, the dynamic viscosity of paraffin oil used in our experiments 
was determined using the HAAKE MARS rotational rheometer in fluid mechanic lab., as 
illustrated in Figure 4.2-2. The dynamic viscosity η was measured as 8.712 x 10-2 Pa.s or 
87.12 cP at 20˚C. 
 




Figure 4.2-2: HAAKE MARS rotational rheometer. 
 
 
Figure 4.2-3: The results of viscosity measurement. 
 
4.3  Preparation of Oily Water Emulsion 
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For emulsification to take place and remain stable, sufficient mixing energy is required. 
Generally, the higher the shear put into creating the emulsion, the finer the droplets 
produced, and the more stable the emulsion. In this experiment, the oily water feeds were 
prepared by emulsifying the desirable percentage of paraffin oil in clean water. Paraffin 
oil was added in clean water in order to produce an oil-water mixture with the 
concentration of 500-1000 ppm of residual oil content based on volume ratio.  In order to 
obtain a suitable homogenized oil water mixture, the oil-water mixture is agitated using a 
mixer (c/w with D.C. motor and speed controller) for at least 5 minutes, further re-
circulated to the emulsion feed tank by the centrifugal feed pump until a milky white 
mixture is formed, as shown in Figure 4.3-1.  
   
Figure 4.3-1: Mixer c/w d.c. motor and speed control (left); Homogenization in 
progress (right) 
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The result was stable oil in water emulsions which doesn’t separate by gravity for 
days or weeks. A milky white mixture is formed when oil drops were fine and well 
distributed enough for light to scatter equally across the emulsion, which is often 
regarded as the “Tyndall effect”.   
Constant concentration of the feed is virtually maintained by returning permeate 
and retentate to the emulsion feed tank. All permeate, after measurements, was recycled 
to the feed tank in order to keep the concentration approximately constant, operating at 
these conditions would reduce the error caused by feed concentration variation. 
     
Figure 4.3-2: 90 L clean water was added with 90 mL paraffin oil to give a feed 
concentration of 1000  ppm of residual oil content (left); Milky white colour emulsion 
after homogenization (middle); Stable oil in water sample which doesn’t separate by 
gravity after 5 days later (right).  
 
However, emulsions is shear sensitive, it is important to maintain certain level of 
mixing and prevent oil droplets from coalescing to each other to ensure homogeneity 
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throughout the experiments. Therefore the retentate is re-circulated to the feed tank, 
where it is continuously stirred with a emulsifier mixer to ensure homogeneity of the 
emulsion.  The mixing speed is maintained at approximately 30 rpm to ensure adequate 
shear without causing splash the mixture in the tank.   
 
4.4  Permeability and Flow Resistance 
The permeation flux across the membrane is calculated from J = V/(A*t)  where J is the 
liquid flux across the membrane,  A is the membrane surface area in contact with the 
liquid,  t as the run time of the experiment, and V is the volume of permeate collected 
during time t. The rate of permeate flux through micro-filter is dictated by the resistance 
of the filter to the flow of fluid and any resistance associated with the trapped particular.  
The basic Darcy’s Law is defined as  
     (4.4-1) 
where  dp = ∆P as the pressure drop across the filter, μ as the viscosity of the 
permeate fluid, dx = ∆x as the thickness of the filter, K as the permeability, and u = J as 
permeation flux through the filter.   
Hence, (4.4-1) is rearranged to give a general equation for porous media flow as  
         (4.4-2) 
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Permeability (or hydraulic conductivity) K refers to the ease with which water can 
flow through a filter. The resistance to permeation of a membrane is a function of the 
membrane pore size, feed stream components, and the degree to which gel layer 
formation and fouling layer formation occur. Increasing the feed stream circulation rate 
will, as a general rule, reduce gel layer thickness and increase flux.  
Darcy‘s Law states that the flux is directly proportional to the potential pressure 
drop and inversely proportional to the resistance.  R given as follows: 
     (4.4-3) 
where Rm as the resistance caused by filter media, Rc as the resistance caused by 
cake, and pressure Rt  as the total resistance to the flux. 
 
Figure 4.4-1: Possible resistances against solvent transport [37]. 
 
At a constant applied pressure and, for a given solution with constant composition 
and flow viscosity, the filtration flux is inversely proportional to the total resistance Rt.  
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The resistances that can occur during a filtration process are schematically given in 
Figure 4.4-1. Resistances that are a result of the filtration process are: Rp (blocking of 
pores by the solute), Ra (adsorption of the solute onto the walls of the pores of the 
membrane), Rg (formation of a gel layer on top of the membrane) and Rcp (concentration 
polarisation). The resistance Rp as a result of blocking of pores depends on particle size 
and membrane structure only.  Adsorption of the solute onto the walls of the pores or on 
top of the membrane (resulting in resistance Ra), “bio-fouling” can be also placed in this 
category [41]. 
The total resistance can also be expressed as follows [37]: 
   (4.4-4) 
The total resistance consists of the resistance caused by the filter media (Rm) which 
can include the pore blocking resistance (Rp) and the resistance by adsorption (Ra); 
resistance due to internal colloidal fouling (Rc);  resistance due to the formation of a 
highly concentrated layer adjacent to the membrane, concentration polarization (Rcp); and 
resistance caused by the formation of the gel layer (Rg), due to the increasing 
concentration of particles near the surface of the membrane.  
The main difference between the types of fouling is the nature of the particles that 
cause the fouling. The difference between types of fouling is made because each type of 
foulants has an effect on membrane performance and also has its own type of counter 
measures, such as feed pre-treatment (before) and cleaning (afterwards).   
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Colloidal particles cover a wide size range, from a few nano-meters to a few 
micrometers. Examples of aquatic colloids are clay minerals, colloidal silica, aluminium, 
iron and manganese oxides, organic colloids and suspended matter, and calcium 
carbonate precipitates. During membrane fouling, macromolecules or colloids from 
liquids accumulate on the membrane surface or within the membrane pores and adversely 
affect the permeate quality. For microfiltration membranes, pore plugging by colloidal 
particles can be an important fouling mechanism, in addition to particle accumulation on 
the membrane surface [41]. 
The term organic fouling is applied for those substances that are dissolved in the 
feed solution and that tend to stick to the surface of the membrane. Foulants like oil, 
macromolecules, proteins, anti-foaming agents are all contributing to an organic gel layer 
on top of the membrane or in pores. The initial built-up of a layer is caused by adsorption. 
The main difference between colloidal fouling and organic fouling is that the 
aforementioned are particles and the latter are dissolved. One has to bear in mind that 
both types of foulants can lead to the same type of gel layer and often a “mixed” layer is 
formed. 
Scaling or precipitation fouling involves crystallization of solid salts, oxides and 
hydroxides from solutions. Through changes in temperature, or water removal (as in 
reverse osmosis), the concentration of salts may exceed the saturation, leading to a 
precipitation of salt crystals.  
In addition, fouling can be divided into reversible and irreversible fouling based on 
the attachment strength of particles to the membrane surface. Reversible fouling can be 
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removed by means of strong shear force or backwashing. Irreversible fouling is normally 
caused by strong attachment of particles, which is impossible to be removed by physical 
cleaning method. 
 
4.5  Ceramic Membrane and Hydrophilicity 
Ceramic filter is known to have strong affinity to water. It has micro-pores that create 
strong capillary action when in contact with water. This micro-porous filter medium 
allows only liquid to flow through [39]. However, the ceramic membrane is known to 
possess both hydrophilic and oleophilic properties during a dry form. These properties 
can be proven easily demonstrated by conducting a simple wetting test as illustrated in 
Figure 4.5-1.   
A drop of clean water, as well as a drop of liquid paraffin, were applied onto the 
surface of the ceramic membrane, respectively. Both the clean water and paraffin oil 
were quickly absorbed and disappeared into the ceramic medium, indicates that both 
water and oil are wetting liquid for ceramic membrane. That means, the ceramic 
membrane is both hydrophilic and oleophilic.   




Figure 4.5-1: A wetting test on a ceramic membrane wetted with clean water:  A drop 
of clean water quickly disappeared into the membrane (left);  A drop of paraffin oil 
was added at the same times, still retain its drop forms, a minutes after the test (right). 
 
In contrast, when the test is repeated by using a ceramic membrane wetted with 
clean water, it shows affinity to clean water rather than paraffin oil. As the clean water 
drop disappeared quickly into the ceramic matrix, the paraffin oil was still kept in a 
droplet form, even after a minute when the water drop has disappeared into the ceramic 
surface.   
This is because water itself is oleophobic substance. By wetting the ceramic 
membrane with clean water, the initially oleophilic ceramic filter will be converted into 
the oleophobic substance. Another way to explain the aforementioned is that particles 
that foul in aqueous media tend to be hydrophobic, e.g. colloids, clays and oily particles. 
Hydrophobic particles tend to cluster or group together because this lowers the interfacial 
free energy (surface tension) resulting from surface area exposure. Spheres of particles 
are most commonly formed because a minimum surface area results in this shape while 
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limiting exposure to the hydrophilic environment. General tendency will favour particle 
attachment to any material less hydrophilic than water because less exposure of 
hydrophobic particles can be achieved by attachment of the particles to these materials, 
including the membrane surface. In order to prevent fouling, the membrane requires a 
surface chemistry that prefers binding to water over other materials. This implies that the 
membrane surface must be very hydrophilic.  
 
Figure 4.5-2: Hydrophilic surface has lower water-membrane-air contact angle [39]. 
As illustrated in Figure 4.5-2, a smaller contact angle correlates with a more 
hydrophilic surface and less fouling by free oils and concentrated oily. In practice, this 
enhancement results in consistent performance and reliable system operation.  This 
observation is consistent with Cheryana’s  reports that a hydrophilic membranes 
preferentially attract water rather than the oil, resulting in much higher flux [9]. 
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Why is the ceramic membrane is preferred versus the polymeric membranes is  
also because of the later are incompatibles with hydrocarbons while some are also 
temperature sensitive and cannot be used when the produced water is warm [40]. 
Therefore a ceramic microfiltration filter is very useful in repelling oil phase from 
dilute oily water especially for a feed which contains less than 1000 ppm (0.1%) of 
residual oil content. This enable ceramic microfiltration membrane to emerge as an 
attractive option in the treatment of produced water to meet the discharge limit, which,  
are not easily met by the conventional separation technologies. We are interested with 
these claims over years, in several published works [1, 4, 6, 8-9, 31, 37].  Therefore, it 
was decided to conduct a series experiments to observe and verify the claims as presented 
in the next chapter.  
 
4.6  Dead End versus Tangential Flow Microfiltration 
Microfiltration membranes are widely applied in a dead-end mode (Static filtration) of 
operation. In this mode the feed flow is perpendicular to the membrane surface and 
filtered particles accumulate on the surface forming a layer of retained solid or filter cake. 
This thickness of this cake increases with time and the permeation rate correspondingly 
decreases as the resistance of the cake increases. Eventually the membrane filter reaches 
an impractical, low filtration rate and is either cleaned or replaced.  
To counter-act this problem, the microfiltration process are often operated in a  
tangential flow mode (cross-flow filtration), where feed material sweeps tangentially 
across the upstream surface of the membrane as filtration occurs,  thereby maximizing 
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flux rates and filter life as illustrated in Figure 4.6-1. These systems offer the advantage 
of long life because microfiltration membranes can be repeatedly regenerated with strong 
cleaning agents [53]. 
 
Figure 4.6-1: Static filtration versus cross-flow filtration [53]. 
 
In the experiment, the Doulton ceramic 0.5 μm pore size dead-end hollow filters 
have been machined and modified to become the tangential flow microfiltration hollow 
filters, as depicted in Figure 4.6-2.  
The Doulton filter is made of the purest diatom earth often described as a silica-
like sediment and this is the same material used in making the finest bone china (like of 
Royal Doulton) and numerous other applications [33]. 
 




Figure 4.6-2: A tangential flow ceramic microfiltration filter modified from an 
available 0.5 μm Doulton dead end hollow filter. 
 
 
Figure 4.6-3:  The micro filter is installed at upright position. 




The ceramic filter is installed at upright position to allow better draining of water 
out from the filter housing (Figure 4.6-3). The filter is mounted into the Perspex tube for 
visual inspection of the filtration process and sealed with washers and o-ring gasket to 
prevent leakage through the joint during experiment. The feed side is connected to a 
water tank c/w mixer and the desired trans-membrane pressure is maintained by 
increasing flow rate or regulating the choke valve downstream of the membrane module 
on the retentate side. Two pressure gauges are fitted at the inlet and outlet of the filtration 
module unit to measure the trans-membrane pressure (TMP).  
 
4.7  Experimental Results and Oil Rejection Efficiency 
In the experiment, the test rig have several pressure taps along the test section, each of 
them connected to a separate pressure transducer. All transducers will be connected to a 
computer controlled data acquisition systems for on-line monitoring and processing of 
the experimental results.  While all operational variables of the system were kept constant, 
pressure readings were taken when the steady state is reached. This was usually achieved 
after about 5 minutes. The information of permeation water flux J against trans-
membrane pressure ∆P was used to determine the permeability constant K of the selected 
filter as presented in equation (4.4-2). The attained constant K can be used to obtain the 
viscous inertia resistance 1/α as given in equation (3.4-1) to (3.4-4), which may be 
utilised as the empirical input into Fluent modelling for future CFD analysis from the 
design perspective (Further details refer to section 3.4 and 4.2). 
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The separation efficiency or oil rejection efficiency (Ro) of the filter is defined as 
the ability to retain dispersed oil phase from flowing across the filter surface which is 
given by   
     (4.7-1)  
where CP and CF, are the measured oil concentration of permeate and feed, 
respectively. Graph will be plotted for oil rejection efficiency, Ro, as a function of 
operating pressure for various filter tested in this investigation.  
Oil rejection efficiency of at least 95% is anticipated for any filter in order to meet 
a permeation quality of not exceeding 50 ppm residual oil content, assuming a feed with 
1000 ppm oil concentration based on volume ratio.  Sample measurements were repeated 
five times (Appendix E.1 and E.2) and the standard deviations were given to the data 
(section 5.7) . It is indicated from the standard deviation that the high reproducibility was 
achieved. 
 
4.8  Residual Oil Measurements and TD-500D Oil in Water Meter 
The permeate quality is monitored by taking samples at different time intervals and 
measurement of oil concentration in ppm based on volume ratio. In this experiment, a 
very small fraction of the flow is diverted to a collection vessel by L shaped sampling 
probe inserted into the pipeline (refer appendix C). The emulsion is extracted 
continuously from the pipeline, until the desired numbers of samples are collected. The 
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sampling approach here involves the collection of a representative sample of the 
emulsion from the pipeline and subsequent analysis of the sample using UV fluorescent 
technique.  
 
Figure 4.8-1: TD-500 oil in water analyser. 
 
The TD-500D is a dual channel, handheld fluoro-meter (Figure 4.8-1) designed 
for quick, easy and reliable measurements of crude oil, fuel oil lube oil, diesel, some gas 
condensates and refined hydrocarbons in water or soil. The UV fluorescence approach is 
based on the principle that certain molecules have the unique ability to absorb light 
energy of one wavelength and instantly to release the energy at higher wavelength. 
Hydrocarbons are in the selective group of molecules which have its own unique 
absorption wavelength and Emission wavelength. The detection limit of the meter is 1-
1000 ppm of oil concentration and it was-calibrated to standard laboratory gravimetric 
and IR methods in most applications.  Method 1664A requires use of n-hexane as the 
extraction solvent. 
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Both the feed stream and permeate solutions will be collected for measurements 
using a dual channel TD-500D fluoro-meter designed for easy and reliable measurements 
of crude oil or refined hydrocarbons in water. It should be noted that the accuracy of the 
sampling measurement is highly depended on the extent to which the collected sample is 
representative of the pipeline. Even when the flow upstream of the sampling port is 
homogeneous and the emulsion is well dispersed, the collected sample may not be 
representative of the actual composition in the pipeline. Thus special care is required to 
ensure representative sampling. More details of flow sampling efficiency and the 
associated errors will be discussed in Appendix C.  
 
4.9 Calibration of TD-500D Oil in Water Meter 
The TD-500D meter responds to the fluorescent aromatic compounds in the target 
hydrocarbon. The meter is used with a solvent (hexane according US EPA 1664A) 
extraction method to measures the hydrocarbon content of the extract, and calculates the 
hydrocarbon content in water. It requires calibration by measuring the intensity of 
fluorescent light that is generated by a known concentration of hydrocarbon. Once 
calibrated, the instrument converts the fluorescent light intensity from an unknown 
sample into units of concentration. The standard solution (known oil concentration) is 
prepared by dissolving a known amount of oil in a known volume of extracting solvent.   
 Hexane with a pH around 4~5 is used as the solvent. This is because the water 
soluble organic materials are normally insoluble in organic solvents at normal pH values 
but become soluble at pH values of 4 or less [52]. The extraction of such impurity may 
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have adverse effects to the measurement of oil contents. Therefore, hexane is 
recommended to ensure only the hydrocarbon content is extracted instead of other 
impurities or colloids from the water samples (Figure 4.9-1).    
 
Figure 4.9-1: Hexane is used as solvent for extracting oil from water sample.  
 
The calibration process involves extracting the paraffin oil from 100 mL oil in 
water sample (known concentration) into 10 mL of solvent (hexane). Therefore, the oil 
concentration in the extraction solvent will always be 10 times greater than the oil 
concentration of the water sample. For example, a 100 ppm of oil concentration in a 
water sample is increased by one order to a 1000 ppm of oil concentration in the solvent 
extract. A demonstration of the calibrated measurements would be presented in Chapter 5, 
section 5.1 later. 
In order to ensure better accuracy of the meter, the following steps must be 
carefully checked during each calibration.  
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(a) Linearity check: Every hydrocarbon will have a detection limit and a 
linearity limit. The oil in water meter must operate in linear range to display 
accurate results. The linear range is defined by the concentration span from 
the detection limit to the linearity limit. As concentration increases beyond the 
linearity limit, the slope of the line begins to reduce as depicted in Figure 4.9-
2. At very high concentrations, the slope may become negative. For most 
crude oils, the linearity limit is well beyond 1000 ppm of oil concentration. 
 
Figure 4.9-2: Linearity check [27]. 
 
(b) Channel Selection: The TD-500D must be operating in the linear range to 
display accurate results. The linear range can be optimized for any monitoring 
application by selecting the best combination of measuring channel (A or B) 
and cuvette size (mini-cell or 8 mm cuvette). Channel A with more optical 
sensitivity is usually used for the measurement with very low concentration of 
residual content (less than 100 ppm).  
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(c) Cuvette Selection: The mini-cell cuvettes work well for low range 
calibrations on Channel A. Therefore, the mini-cell cuvette has been chosen 
instead of 8 mm cuvette, which require better accuracy for measuring very 
low concentration of residual oil content (less than 100 ppm).   
 
Figure 4.9-3: mini-cell cuvette and 8 mm cuvette (left); 8 mm cuvette fitted into adapter 
and placed in the meter for measurement (right). 
 
 
Figure 4.9-4: Diagnostic information 
 
(d) Diagnostic Information: %FS-BLK is the UV fluorescence response of the 
meter for the black (clean extraction solvent), % FS-STD is the UV 
fluorescence value of the standard above the fluorescence value of the blank. 
   
61 
 
For best performance of the meter, %FS-STD should give a value greater than 
2. % FS-STD close to zero, indicates poor sensitivity. 
(e) Procedure:  
1. Collect 100 mL of contaminated water in a clean bottle.   
2. Add 10 mL of hexane and securely cap the bottle.  
3. Extract oil from the water samples into the extraction solvent (hexane) by 
vigorously shaking the bottle for two minutes interval to allow enough 
time for all the oil droplets to contact and dissolve on the solvent. 
4. Allow extraction solvents to separate from the water for approximately 1 
minute interval.   
5. Transfer a small amount of the solvent extract into a disposable mini-cell 
cuvette using transfer pipette.  
6. Insert the 75% filled mini-cell cuvette into the adapter and insert into the 
TD 500D analyser and close the lid.  
7. Press <ON> to start the TD 500 D meter.  
8. Make sure proper channel (usually A) is selected.  
9. Press <READ> and record the reading. 
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CHAPTER 5. EXPERIMENTAL RESULTS OF THE 
TANGENTIAL FLOW MICROFILTRATION 
EXPERIMENTS. 
In this chapter, the results obtained from the tangential flow microfiltration of oil in water 
feed are presented. This study evaluates the ability of ceramic microfiltration membrane 
in filtering oil from the oil in water mixture.  The research also attempts to identify 
factors which have the greatest influence on the separation performance of oil in water 
emulsions using a tangential flow microfiltration process. The important parameters with 
respect to this study could include membrane type, pore size, operating conditions such 
as trans-membrane pressure, tangential flow (cross-flow) velocity and feed concentration.  
 
5.1  Calibration of TD-500D Meter. 
Solvent extraction method is often used to determine the oil content of dilute oil in water 
emulsion with concentrations as much as 1000 ppm or so [12]. The solvent extraction 
method is capable of measuring HEM (N-Hexane Extractable Material) in the range of 5 
to 1000 mg/L. However, it is not applicable to measurement of materials that volatilize at 
temperatures below approximately 85 ˚C. As some crude oils and heavy fuel oils contain 
a significant percentage of materials that are not soluble in n-hexane. Recoveries of these 
materials may be low [25].   
The TD-500D meters measures the oil content of water samples by measuring the 
fluorescent light emitted by oil that has been extracted into hexane. The UV fluorescence 
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value in TD-500D meter is then calibrated to known concentration of oil in water sample 
to give results equivalent to EPA method 1664. Before the TD-500D meter can be used to 
analyze a sample, it must be first calibrated with a blank (pure analytical grade hexane) 
and a standard solution containing the target hydrocarbon. The UV fluorescence readings 
were then correlated to a distilled water sample with known oil concentration for the final 
conversion into the correlated readings in ppm (part per million) based on volume ratio. 
For this correlation purpose, a local brand of bottled distilled water (7 select) was used in 
the calibration of lowest threshold (zero oil content) and produces water samples with 
highest threshold with known concentration (1000 ppm of residual oil content). In Table 
5.1-1, the UV fluorescence readings for the calibrated samples are shown.  
 
Table 5.1-1: Fluorescence response for water samples with known oil concentration. 
 
The distilled water may not necessary gave a zero fluorescence responses as it 
may contains other form of impurities such as or colloids from liquids. In order to ensure 
the calibration standard is in the linear range, a mid-point measurement is required by 
preparing a solution that is half the concentration of the standard solution. This is to 
ensure the detection range fits well within a linearity limit.  This mid-point sample can be 
obtained by adding equal portion of distilled water into the water sample already contains 
1000 ppm of oil content. The diluted standard is then placed in a sample cell and the 
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fluorescence response is detected again. If the reading yielded approximates to half the 
original standard concentration (allowing for some error due to dilution), that means the 
calibration fits well with the linear range. In Table 5.1-1, a diluted sample gave a UV 
fluorescence response of 531.5, which is close to the mid-point.  The calibration results 
indicate a well fit in the linear range. However, the conversion of fluorescence value (FV) 
into the correlated value (CV) in ppm value are important according to equation (5.1-1): 
     (5.1-1)  
The calibrated measurements were hence rearranged in Table 5.1-2. A 
demonstration by taking an instant measurement of a tap water sample from the 
laboratory gave a reading of 19 ppm residual oil content. This reading shows the relative 
concentration of oil in water in the tap water sample when compared to the distilled water 
sample.  
Table 5.1-2: Calibrated results in ppm residual oil content for various water samples. 
 
5.2  Series Runs versus Continuous Runs  
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In any of the filtration experiments, there are usually two mode of operations, i.e., series 
runs and continuous runs. During the continuous runs, the operating parameters (such as 
trans-membrane pressure) were fixed initially and maintained on a constant level. In the 
series runs the selected parameter was varied several times on different levels during the 
run.   
The purpose of first 15 runs of experiments was to monitor the effects of trans-
membrane pressure on the permeability (К = Jμ∆x/∆P), while observing the fouling 
characteristics of membrane over a history of experiments order.  Thus, a series runs 
mode was implemented. All the results presented in Figure 5.4-1, 5.4-2 and 5.4-3 were of 
series run mode.  The 0.5 μm pore size ceramic microfiltration membrane was flushed 
with clean water (tap water) from the clean water tank during the first 15 runs of the 
experiment. The starting trans-membrane pressure was initiated from 1 bar (gauge), and 
gradually increased by a step of 0.5 bar at each run, until it reached a final pressure of 3 
bar (gauge) during the fifth runs. To this end, the entire cycle was repeated thereafter.  
Each run of experiments took an interval of 10 minutes, which sum up to an approximate 
total time of 150 minutes per 15 runs of experiments, afterward, then clean water feed 
was replaced by oil-water feed which contains 1000 ppm of oil for the study on the 
separation performance. 
 
5.3  Temperature Dependence Viscosity and Flow Permeability  
During the experiment, the liquid temperature was not controlled at a fixed temperature. 
During a commissioning test run conducted in a continuous run mode, the liquid 
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temperature was observed to increase from 28°C to 35°C at 50 minutes later.  A quick 
check from the viscosity calculator discovered the temperature dependent viscosity of 
clean water has decreased from 0.835 x 10-3 Pa.s @ 28 °C to 0.722 x 10-3 Pa.s @ 35 °C.  
However, it was noticed that the temperature rise during the first 10 minutes is limited to 
approximately 2°C. For due reason, the fouling control experiments especially were 
carried out in a batch mode, conducted intermittently at 10 minutes run time for each 
batch of experiment, and followed by a 5-10 minutes cooling down interval to allow the 
liquid to cool down to a lower temperature. Therefore the variation of batch to batch 
liquid temperature has been monitored within 2-3 °C and a maximum variation in 
viscosity of 3% has been maintained. As flow permeability (К = Jμ∆x/∆P) is viscosity 
dependent, the variation in liquids viscosity has implication on the permeability too. Thus, 
the error range of the calculation owing to the variation in temperature dependent 
viscosity was expected to be around 3% maximum.   
 
5.4  Effects of Fouling on Membrane Permeability and Flux 
Fouling, not surprisingly, is frequently cited as the most important factor limiting the 
utilization of membranes in waste water treatment. The reversible/irreversible decline of 
membrane permeability is often due to strong adsorption of particles of contaminants 
onto the membrane surface and in its pores. Therefore a careful understanding of fouling 
characteristics has always been a good start in any study of filtration processes. The 
fouling effects are more easily observed with a decline in permeability or the increase of 
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flow resistance in time history (Figure 5.4-1, 5.4-2 and 5.4-3). In general, flux decline is 
caused by a decreasing driving force and/or an increased resistance [41]. 
As mentioned earlier, the entire experiments were conducted at 1 ~ 3 bars trans-
membrane pressure (gauge) and 0.30 ~ 0.47 ms-1 tangential flow velocity. In Figure 5.4-2, 
the ceramic membrane experienced a rapid decline in permeability in the beginning.  As a 
series run mode was implemented, trans-membrane pressure was gradually increased 
from 1 to 3 bars during the first five runs. The rapid decline in permeability indicates the 
higher the pressure, the greater decline in permeability were observed. In this context, the 
permeability (or hydraulic conductivity) refers to the ease with which filtrate (water) can 
flow through a membrane.  
 
Figure 5.4-1:  Permeability history and fouling analysis (0.5 μm ceramic 
microfiltration membrane, oil-water feed of 1000 ppm oil concentration, Experiment 1, 
Appendix D.1) 
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During the rapid decline stage, as shown in Figure 5.4-2, membrane permeability 
is dramatically affected by the colloidal and inorganic fouling (such as the presence of 
oxide particles). As a result, a nearly 80% decline in flux was observed during first 10 
runs of experiments. After the initial reduction in permeability, it finally reach a balance 
between the fouling and hydrodynamic force which constantly sweep away fouling 
materials from the membrane surface, hence, the filtration cake thickness does not 
increases significantly with time at this steady state.   
 
Figure 5.4-2:  The effects of fouling on permeability (0.5 μm ceramic microfiltration 
membrane, oil-water feed of 1000 ppm oil concentration, Experiment 1,  Appendix D.1) 
 
The rapid decline in permeability may be connected with the build-up of the 
concentration polarization layer and pore blocking mechanism.  The concentration 
polarization (Figure 5.4-4) is the accumulation of excess particles in a thin layer adjacent 
to the membrane surface. This phenomenon is inherent of all membrane filtration 
processes.  





Figure 5.4-3: The effects of fouling on flow resistance (0.5 μm ceramic microfiltration 
membrane oil-water feed of 1000 ppm oil concentration, Experiment 1, Appendix D.1)  
 
 
Figure 5.4-4: Formation of dirt cake on membrane due to concentration polarization. 
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During the experiment, the filtration capacity began to decline although when the 
pressure increased. This is because higher pressure causes the suspended dirt to form 
rapidly on the membrane surface, and the formation of cake increases resistance to 
solvent flow and thus reduces the permeate flux. However, a nearly steady permeability 
or constant permeability stage of approximately 1~2 x 10-10 cm2 was achieved in the first 
experiment during the clean water feed phase (11th to 15th  runs of filtration experiment) 
with the clean water feed.  It is demonstrated in Figure 5.4-3 that the flow resistance (R = 
∆P/J) history shows a stable resistance stage in range of 5 000 bars.s/m specially during 
12th to 15th runs.  
The flow permeability and resistance at 15th runs of experiments were 1.33 x 10-10 
cm2 and 5292 bars.s/m, respectively. Once the experiments has transited from the clean 
water feed phase into the 1000 ppm oily water feed phase, the flow permeability 
immediately deteriorate thereafter. The resistance curve during the oil-water feed in 
Figure 5.4-3 was showing a steeper climb (16th -18th  runs), that could mean an increased 
rate of fouling due to the existence of a secondary cake layer which may be caused by 
both the organic (oil particles) fouling. The deposition of oil on the surface of membrane 
has actually trapped more suspended particles into the oil layer, therefore a “mixed” gel 
layer is formed, increases flow resistance and causes further decline in permeability. 
Obviously, the combined of organic and inorganic fouling requires greater hydrodynamic 
force to be carried away or re-entrained into the flow.  
The interior surface of the used ceramic membrane was examined after the 
experiments and observed with the deposition of the contaminants (Figure 5.4-5) which 
actually indicates the presence of fouling layer on the membrane surface. 




Figure 5.4-5: Fouling of ceramic membrane after a number of operations. 
 
As the trans-membrane pressure increased from 1 bar @ 16 th runs until 3 bars @ 
20th runs, the cross-flow velocity increases too. The relationship in between cross-flow 
velocities and trans-membrane pressure are shown in Table 5.4-1 and Figure 5.4-6.  
Increment in cross-flow velocity may seem to reduce the cakes thickness and flow 
resistance as well. The flow resistance hence achieved the next steady level at range 
around 15 000 bars.s/m (during18th to 20th runs), as shown in Figure 5.4-3.  
 
Table 5.4-1: Tangential flow velocity versus rate of feed (0.5 μm ceramic 
microfiltration membrane,  oil-water feed of 1000 ppm oil concentration) 




Figure 5.4-6: Tangential flow velocity versus rate of feed (0.5 μm ceramic 
microfiltration membrane, oil-water feed of 1000 ppm oil concentration) 
 
With the useful information summarised in Table 5.4-1, a practical estimate of the 
filtration capacity of 0.5 μm pore size ceramic microfiltration membrane can be made for 
feed with various oil concentrations during the steady state without rapid fouling.  
In the next experiment, namely experiment 2, the previous experiment was 
repeated with a feed which contains 500 ppm of oil by using a new 0.5 μm ceramic 
microfiltration membrane.  The ceramic membrane is initially flushed with clean water 
(tap water) at a constant trans-membrane pressure of 2 bars (gauge), once it reached a 
steady permeability state, the supply was transited into a 500 ppm (0.05%) oil in water 
feed phase, as shown in Figure 5.4-7 as below. 




Figure 5.4-7:  Permeability history and fouling analysis  (0.5 μm ceramic 
microfiltration membrane oil-water feed of 500 ppm oil concentration, Experiment 2, 
Appendix D.2). 
 
The flow permeability before the transition from clean water feed phase into oily 
water feed phase was around 1.08 x 10-10 cm2 (during 6th run of experiment), which is 
very close to the previous experiment  using 1000 ppm oily water feed with flow 
permeability of 1.33 x 10-10 cm2 (during 15th run of experiment). Once the transition 
happened, the flow permeability deteriorates as anticipated in Figure 5.4-8.  
A secondary fouling was observed when the experiment was transited into the oil-
water feed phase, but this time, the flow permeability seem to recover to a higher value  
during 10th - 12th runs of experiments.  The flows resistance curve as depicted in Figure 
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5.4-9 also soared  to a maximum value of 12190 bars.s/m, and thereafter, it started to 
decline when the trans-membrane pressure reach 2.5 bars and beyond (10th – 12th runs).  
 
Figure 5.4-8:  The effects of fouling on permeability decline  (0.5 μm ceramic 
microfiltration membrane, oil-water feed of 500 ppm oil concentration, Experiment 2, 
Appendix D.2). 
 
A closer look at Table 5.4-2, this peak resistance attained during steady state flow 
in experiment 2 (500 ppm of oil in water feed) as 12190 bars.s/m is however, 21% lower 
than the peak resistance attained in the first experiment (1000 ppm of oil in water feed), 
which was 15443 bars.s/m. 
 




Figure 5.4-9:  The effects of fouling on flow resistance (0.5 μm ceramic microfiltration 
membrane oil-water feed of 500 ppm oil concentration, Experiment 2, Appendix D.2). 
 
This experimental results indicates an reduction in the flow resistance (R = ∆P/J) 
when the feed concentration was reduced to 500 ppm of oil content.  Although this 
comment is made with reservation, the changes could be possibly explained as less 
degree of fouling due to reduced oil concentration in the feed. 
 
Table 5.4-2: Comparison of flow permeability, resistance and filtration capacity during 
the steady state resistance (0.5 μm ceramic microfiltration membrane, experiments with 
clean water feed,  oil- water feed with 500 ppm and 1000 ppm oil concentration 
respectively, Experiment 1 to 2, Appendix D.1 and D.2). 




As the trans-membrane pressure increases, the tangential flow velocity increases 
as well (as mentioned earlier in Table 5.4-1). Therefore, the hydrodynamics drag has 
dislodged more fouling materials from the surface of membrane, reduced the filtration 
cakes thickness and fouling, and eventually revert the flow resistance and recovered the 
flow permeability.  
 
5.5  Effects of Pressure on Filtration Capacity 
The membrane filtration method involves using a trans-membrane pressure to force the 
continuous phase to permeate through the membrane. The trans-membrane pressure is 
defined as the difference between the pressure of the flowing feed stream, and the 
pressure of the filtration end. For evaluation of the process and economic viability of 
membrane-based filtration applications, flux stability is a significant component which 
must be taken into consideration. 
From the results of experiment 1, a steady permeability is attained at around 
1.33~1.70 x 10-10 cm2 after 11th run of experiments (during clean water feed phase). At 
this steady permeability stage, the increasing flux over increased pressure was almost 
unchanged which indicates a slowing down in fouling, as depicted in Figure 5.4-2.  This 
happens when the hydrodynamic drag reached a balance with the growth of concentration 
polarisation or filtration cake. With the reduction in fouling, the decline in flow 
permeability and filtration flux is slowing down too, thus, the apparent effects of fouling 
is negligible. That’s the reason why oil-water filtration experiment was conducted from 
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the 16th run onward, only then the effects of pressure on filtration quality and flux 
performance can be reasonably assessed. This is because during the steady permeability 
period, the flux is almost linearly dependent on the trans-membrane pressure alone; hence, 
a linear effect of pressure on the filtration rate can be established.  
During the clean water feed phase in experiment 1, the steady stage of filtration 
capacity is reached around 900-2100 L water per m2 (membrane area) per hour of 
processing time, as depicted in Figure 5.4-2 and 5.5-1. 
 
 
Figure 5.5-1: Effects of pressure on filtration capacity of a 0.5μ ceramic 
microfiltration membrane from run 01 to 20 (Oil-water feed of 1000 ppm oil 
concentration, First 15 runs with only clean water feed, Appendix D.1 ) 
 




Figure 5.5-2: Effects of pressure on filtration capacity of a 0.5μm ceramic 
microfiltration membrane from run 15 to 20 (Oil-water feed of 1000 ppm oil 
concentration, First 15 runs with only clean water feed, Appendix D.1) 
 
As the experiment transited into 1000 ppm (0.1%) oily water feed phase (from 
16th run and onward), a secondary fouling occurs owing to the formation of oil gel on the 
membrane surface. Although the flux were anticipated to increase with the trans-
membrane pressure, however, a temporary decline in flux at trans-membrane pressure of 
2 bars (gauge) was noticed before it proceeds to increase again at trans-membrane 
pressure of 2 bars (gauge) and beyond. This is possibly because of a revised balance 
between hydrodynamic action with the thickness of filtration cake due to the transition of 
the feed from clean water into oily water stream of 1000 ppm oil concentration. The 
experiment requires sometimes to settle at the next steady state (during oily water feed 
phase) at the permeability around 0.47 ~ 0.99 x 10-10 cm2 or filtration rate of 
approximately 500-800 L oily water per m2 (membrane area) per hour of processing time 
(Figure 5.5-1), which is due to a secondary fouling caused by the presence of suspended 
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oil. This processing capacity is relatively better than ultra-filtration applications which 
are reported with fluxes only at around 100 L m−2 h−1 [34], which is too low to be 
commercially attractive. As higher throughputs are often required for the treatment of 
produced water, therefore, it is better to consider microfiltration rather than ultra-
filtrations.  
The study of the pressure effects on filtration capacity and permeability analysis 
are very useful tools for analysis of changes in flux due to complicated influence of 
membrane pore size, pressure and fouling. The fouling study gives a practical estimation 
of the filtration capacity especially during the selection appropriate membrane for the 
need of various industrial treatment processes. The method is also used for optimizing the 
separation efficiency while having the best cleaning ability by hydrodynamic tangential 
flow.  
 
5.6  Effects of Tangential Flow (Cross-flow) Velocity on Flow Permeability 
During the experiment with 1000 ppm of oily water feed, it was noticed by increasing the 
flow velocity, the flow permeability is recovered when the cross-flow velocity reached 
0.4 m/s and onwards (Figure 5.6-1).  The increased of tangential flow (cross-flow) speed 
has limited the formation of a concentration polarisation layer by increasing the 
hydrodynamic force and turbulence in the feed channel.  




Figure 5.6-1: Effects of tangential flow velocity on the permeability (0.5 μm ceramic 
microfiltration membrane, oil-water feed of 1000 ppm oil concentration, Appendix D.1 ) 
 
 
Figure 5.6-2: Effects of tangential flow velocity on flow resistance  (0.5 μm ceramic 
microfiltration membrane, oil-water feed of 1000 ppm oil concentration, Appendix D.1) 
 




Similar recovery on the filtration capacity was observed in Figure 5.6-2. This 
means at higher tangential flow velocities, it squeezes the boundary layer adjacent to the 
membrane surface. As the boundary layer thickness becomes thinner, sthe velocity 
gradient becomes greater. Correspondingly, the viscous shear stress increases and exert 
drag on the fluid close the membrane surface, and eventually curbed the growth of the 
concentration polarization layer and so is the gel formation or filtration cake.  
However, currently there is very little understanding about the polarized layer 
mainly due to the experimental difficulties associated with making concentration profile 
determinations within a very thin layer. F. Ruiz-Bevia has suggested using nuclear 
magnetic resonance (NMR) micro-imaging and holographic interferometry technique to 
visualise the evolution of concentration polarization layer [50]. 
The Reynolds number was calculated by Re = ρud/μ, where ρ is the hydraulic 
density, u is mean flow velocity, d as internal diameter of  the hollow membrane (32 mm) 
and μ as the dynamic viscosity. The SI unit of dynamic viscosity is the pascal-second 
(Pa·s), equivalent to (N·s)/m2, or kg/(m·s). Shown in Figure 5.6-3, the Reynolds number 
has exceeded 5000 for the corresponding tangential flow velocity, hence the flow inside 
the microfiltration tube is turbulent in nature.  
Although the effects of turbulence towards membrane performance are still not 
been clearly understood, there are reports about positive contribution of turbulence 
effects for improving the cake thickness and cake resistance.  




Figure 5.6-3: Reynolds numbers versus tangential flow velocity  (0.5 μm ceramic 
microfiltration membrane, oil-water feed of 1000 ppm oil concentration, Appendix D.1) 
 
He has reported in 2012 the use of turbulence promoter (helical screw insert) 
which has effectively enhance the permeate flux in cross-flow microfiltration of 
particulate suspension, which indicate that turbulence has important effects on cake 
properties [51]. It was discovered that the thickness of filtration cake in the experiment 
without the turbulent promoter is about six times of that installed with the turbulence 
promoter. This report is consistent with the observation in section 5.6. As the tangential 
velocity increases, significant improvements of permeation flux or filtration capacity 
have been observed (Figure 5.6-2), so is the flow resistance has reduced (Figure 5.4-9). It 
is believed that the increment in the tangential flow velocity, as well as the Reynolds 
numbers, led to more turbulence in flow which greatly alleviate the effects of trans-
membrane pressure or feed concentration on growth of cake layer. However, He has also 
reminded that the turbulence, while it can enhance the flux performance by reducing the 
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cake thickness, it has remarkably reduced the particle size as well, which may 
subsequently cause adverse effects to the quality of the filtration. 
 
5.7 Permeate Quality and Data Analysis 
The permeate quality in term of residual oil concentration were also investigated. A 
number of 6 experiments were conducted from the 16th to 21th runs for evaluation of the 
ability of ceramic 0.5 μm microfiltration membrane in filtering oil from the feed which 
contains around 1000 ppm (0.1 %) of oil. The experimental oil used was the colour dyed 
paraffin oil which represents oil with a moderate viscosity. The viscosity of the paraffin 
oil was determined using HAAKE MARS rotational rheometer as reported in Chapter 4. 
Table 5.7-1: Physical properties of liquids used in the experiments 
As aforementioned, the filtration experiments were conducted at a trans-
membrane pressure of 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 bars, respectively. A cracked 
membrane in the module can be detected by monitoring both the trans-membrane 
pressure and permeation flux. If a membrane has been broken, the tran-membrane 
pressure decay will be very apparent. This is accompanied by a sudden surge in the 
permeation flux due to a bulk escape of feed liquid into the permeation stream.  
In the previous experiments, a cracked membrane has been detected at around 3.5 
bars trans-membrane pressure likely due to a sudden opening of valve and pressure surge. 
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Thus, gradual increasing of the feed is helpful to avoid premature failure of the ceramic 
membrane. However, the trans-membrane pressure has been limited to a maximum of 3.5 
bars in all the experiments.  Any membrane which has been used at this limit should be 
avoided for the future usage to avoid premature development of micro-fractures which 
could lead to the next failure. For the same reason, any experimental results operated 
close to this pressure limit should be interpreted with reserve.   
The oil/water emulsion was prepared by mixing the right amount of paraffin oil 
with tap water using a mixer operated at 30 rpm for 5 minutes, further re-circulated with 
the centrifugal pump for another 5 minutes. The total time for homogenization is 10 
minutes. As a result, a milky white mixture has been obtained, which indicates a 
homogenised oil in water mixture, which remains stable even weeks after the 
experiments.  
During the experiments, the samples of the feed before filtration and after 
filtration were collected. All the water samples collected during the experiments were 
immediately photographed for visual comparison at the end of experiments, as illustrated 
in Figure 5.7-1 and 5.7-2. 




Figure 5.7-1: Water samples collected at filtration end for experiments in different 
pressure ranges from 1 barg (left) to 3.5 barg (right) for an oil-water feed of 1000 ppm 
oil concentration using 0.5 μm ceramic microfiltration membrane. 
 
 
  Figure 5.7-2: Water samples collected during tangential flow microfiltration of a feed 
of 1000 ppm oil in water using 0.5 μm ceramic membrane at trans-membrane pressure 
of 2.0 barg:  Permeate water sample from microfiltration of clean water from tap (left); 
Feed oily water sample with 1000 ppm oil concentration (middle); Permeate water 
sample from the tangential flow microfiltration of a feed of 1000 ppm of oil in water 
(right). 
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As can be seen in Figure 5.7-1, these samples represents the permeate sample 
after the microfiltration of the 1000 ppm oil in water feed at a different trans-membrane 
pressure. All six samples show no visible free phase of oil in the filtrate. The crystal clear 
sample (especially first four samples) were a good indication of effective separation of oil 
in water, resulted a filtrate with extremely low concentration of oil content.  Until the 
samples were analyzed by fluoro-meter, the difference in oil concentration is very 
difficult to justify by a visual examination. 
The measurement results in ppm residual oil content for all samples in experiment 
1 are tabulated in Table 5.7-2 and 5.7-3. Analysis of statistical mean and standard 
deviation were carried out and the results were given the comments. In statistics and 
probability theory, standard deviation (represented by the symbol sigma, σ) shows how 
much variation or "dispersion" exists from the average (mean, or expected value). The 
commonly used formula to estimate for σ is defined as follows: 
   (5.7-1) 
A low standard deviation indicates that the data points tend to be very close to the 
mean; high standard deviation indicates that the data points are spread out over a large 
range of values.  
For instance, a standard deviation of 1.78 in Table 5.7-2 means that most 
measurements (about 68%, assuming a normal distribution) of permeate water samples 
have a reading within 1.78 ppm of the mean. Similar in Table  5.7-3. a standard deviation 
of 6.45 in Table 5.7-2 means that most measurements (about 68%, assuming a normal 
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distribution) of the feed samples have a reading within 6.45 ppm of the mean, 937 ppm of 
residual content, which  was very close the intended concentration of 1000 ppm oil 
concentration in water before the homogenization processes.  
These results were later plotted in graphs and converted into the oil rejection 
efficiency in accordance to formulate specified in (4.7-1) . These results would be further 
discussed and compared in section 5.8 and onwards.  
 
#   
Table 5.7-2: Standard deviation for permeate water samples   (0.5 μm ceramic 
microfiltration membrane, oil-water feed of 1000 ppm oil concentration, Appendix D.1). 
 




Table 5.7-3: Standard deviation for feed water samples   (0.5 μm ceramic 
microfiltration membrane, oil-water feed of 1000 ppm oil concentration, Appendix D.1) 
 
5.8  Effects of Pressure on Oil Rejection Efficiency 
The aim of this experiment is study the separation performance under influence of 
pressure for the initial evaluation of the ability of ceramic microfiltration membrane in 
filtering off oil phase from the oily water. The understanding of oil rejection efficiency 
under optimum operating conditions were important as a first step in the development of 
a novel filtration design, which were not discussed in this thesis report. In experiment 1, 
six series runs of experiments were conducted during the steady permeability state (from 
the 16th to 21st runs) when the fouling become negligible for the practical assessment of 
flux performance and oil rejection efficiency. Oil rejection efficiency of at least 95% is 
anticipated for any filter in order to meet a permeation quality of not exceeding 50 ppm 
of residual oil, assuming a feed stream of 1000 ppm oil concentration.  




Figure 5.8-1: Filtrate quality in ppm residual oil content for tangential flow 
microfiltration experiments with (a) tap water; (b) oil-water feed of 1000 ppm oil 
concentration. (0.5 μm ceramic microfiltration membrane). 
 
 
Figure 5.8-2: Oil rejection efficiency (0.5 μm ceramic microfiltration membrane, oil-
water feed of 1000 ppm oil concentration, Appendix E.1). 
 
Figure 5.8-1 shows a comparison of the filtrate quality in term of ppm of residual 
oil content in water after the microfiltration experiment with the clean water feed and the 
oil in water feed at 1000 ppm oil concentration. The clean water samples at location 
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before the microfiltration was detected with 31.5 ppm of residual oil content based on 
volume ratio. However, the filtrate has shown a further improvement to a level in 
between 26.5 to 30.2 ppm of residual oil content when tested with a series of trans-
membrane pressure. The filtrate quality observed from the experiment with 1000 ppm 
feed concentration were very close to the tap water quality, with the best result which 
contains only 27.8 ppm of  residual oil content @ 2.5 bars (gauge) trans-membrane 
pressure, even better than the tap water quality of 31.5 ppm of residual oil content. The 
filtrate quality were quite consistent until a trans-membrane pressure of 2.5 bars (gauge) 
and beyond. However, the oil concentration has rapidly increased to 95.3 ppm of residual 
oil content @ 3 bars (gauge) trans-membrane pressure, and 146.1 ppm of residual oil 
content @ 3.5 bars (gauge) trans-membrane pressure. 
In Figure 5.8-2, the oil rejection efficiency were calculated and plotted. The oil 
rejection efficiency is quite consistent around 96~97% for the first four readings. The 
results indicates that trans-membrane pressure have negligible effects on oil rejection 
efficiency at a trans-membrane pressure of 2.5 bars (gauge) and below. At a trans-
membrane pressure higher than 2.5 bars (gauge), oil seem to break through and the 
permeate quality is rapidly deteriorating. 
One possible explanation is due to the flow of deformable oil drops in capillaries 
due to higher trans-membrane pressure. As a higher trans-membrane pressure increases, 
it forced some oil particles in the feed to penetrate through the membrane surface. 
 




Figure 5.8-3: An oil droplet at the entrance of idealised  pore [55]. 
 
In 1996, Nazzal has proposed  that the rejection of an oil drop is determined by its 
ability to deform and flow through a pore as permeate [55]. He applied the Young–
Laplace equation across the leading and trailing interfaces to determine the minimum 
pressure required to enable a drop to enter and pass through the pore, which could be 
calculated from the following equation : 
  (5.8-1) 
where γ is the interfacial tension, rd is the radius of the original drop and rp is the 
radius of the pore.   
It is clear that at the higher pressure beyond a critical pressure Pc as given in 
equation (5.8-1), drops of oil larger than the pore entrance may be passing through the 
filter. The oil drops either pass through the filter, or possibly shear deeper into the 
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interconnected pores and stuck inside the dead of the channel. As a results, clogging 
occur due to more oil would break through the membrane, where a constant decline in oil 
rejection efficiency is clearly revealed as pressure exceeds 2.5 bar (gauge) and beyond. 
The pressure could be the critical pressure when oils break through the pore in the 
ceramic membrane.  
Another explanation to the deterioration in the filtrate quality is due to the 
corresponding effects of turbulence as tangential flow velocity increases. During the 
experiment, the tangential flow velocity has increased with the trans-membrane pressure,  
as aforementioned in section 5.6,  He has reported in 2012 that turbulence in flow have 
remarkably reduced the particle size in the filtration cake [51], as shown in Figure 5.8-4.  
The reduction in particles size is definitely going to affect the quality of filtrate in a 
negative way. Finer particles and oil drops would find its way to enter and squeeze 
through the pore and pollute the water in the permeate side.  
 
Figure 5.8-4: The comparison of particle size distribution of cakes, in the presence of 
turbulence promoter (TP), or without (NTP) [51]. 




Trans-membrane Pressure (barg) 1.0 1.5 2.0 2.5 3.0 3.5 
 
Filtrate quality (in ppm oil)  
 


























Table 5.8-1: Filtrate quality (in ppm oil) and oil rejection efficiency (%) versus trans-
membrane pressure (0.5 μm ceramic microfiltration membrane, oil-water feed of 500 
ppm oil concentration, Appendix E.2). 
 
Judging from the above, it was indeed the combined effects of pressure and the 
attribution of turbulence on the reduction in particle size that have actually allows more 
particles to flow across the membrane, and subsequently reduces filtration quality and the 
oil rejection efficiency. For the purpose of verifying of the pressure effects on the 
filtration quality, the experiments were repeated using 500 ppm oil in water feed and the 
results were tabulated in Table 5.9-1.  This time, the filtration quality were much better 
than the distilled water sample which we used, this is probably because the distilled water 
sample were not clean enough (since a bottled distilled water was used). Again, the trans-
membrane seem to have very negligible effects on the filtrate quality before 2.5 bars 
(gauge),   once it exceeds this pressure, the filtrate quality (in ppm oil) has deteriorated 
rapidly as observed in the previous experiments.  
 
 
5.9  Effects of Feed Concentration on  Oil Rejection Efficiency 
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A solution with oil concentrations of 500 and 1000 ppm were prepared. Both the 
experiments were runs at approximate similar range permeability values for fair 
comparison of results. As the suspended oil content of the feed increases, blockage of the 
pores increases and at a faster rate, which results in the growth of a thicker deposited 
layer. Lower oil concentrations in the permeate samples should be expected when the 
feed contained a low concentration of suspended oils.  
The oil rejection efficiency (Ro) of the membrane filter is defined as the ability to 
retain dispersed oil phase from flowing across the filter surface and obtained using 
equation (4.7-1).  The results obtained in term of oil rejection efficiency were calculated 
for both the experiments with different feed concentration and tabulated in Table 5.9-1 as 
above.  From these results it is appears that a lower feed concentration is advantageous 
for a higher oil rejection efficiency. 
 
Trans-membrane Pressure (barg) 1.0 1.5 2.0 2.5 3.0 3.5 
 
Oil rejection efficiecy (%) during feed 
concentration of 500 ppm oil in water 
 
Oil rejection efficiecy (%) during feed 



































Table 5.9-1: Oil rejection efficiency (%) versus Trans-membrane pressure and the feed 
concentration using a 0.5 μm ceramic microfiltration membrane. 
 
 
5.10 Effects of Cleaning Strategies on the Membrane Permeability 
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In tangential flow (cross-flow) microfiltration, fouling is the main problem causing loss 
of productivity. It reduces equipment efficiency, increases production cost by repetitive 
cleaning and the life of the membranes may be significantly compromised and they 
require premature replacement. Therefore, the irreversibility of the permeability is a key 
issue to be addressed if the membrane technology is to be introduced for the filtration of 
produced water.  A number of techniques which could be adopted in order to increase 
permeate flux rates were reported and include the following: (i) abrasives; (ii) filtration 
aids and coagulants; (iii) electro-filtration; (iv) ultrasonic fields; (v) dynamically formed 
membranes; (vi) membrane surface modification; (vii) backwashing; (viii) pulsed flow, 
and (ix) rotating membranes [37]. 
Backwashing or replacement of filter is the very common method known to 
diminish this problem. However, interrupted production time for cleaning and 
replacement are often needed in restoring the membrane performance.  
In order to counteract with this problem, the idea of having alternative cleaning 
strategy such as in-situ ultrasound cleaning would be tested in this work. Ultrasonic 
cleaning allow continuous implosion of tiny cavitations bubble, provides the necessary 
mechanical energy to break the physically bonded contaminants from the surface. If 
successful, it could allow continuous operation of the filtration without frequent changing 
of filter cartridges.  Therefore, a series of experiments have been conducted for the 
contaminated microfiltration membranes and the details about experiments and the results 
would be discussed in Chapter 6. 
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5.11  SUMMARY 
 
An experiment setup was introduced to study the performance of tangential flow 
microfiltration process for the treatment of produced water (with the oily water as a 
substitute) with respect to the suitability to fulfil the regulatory requirements for direct 
discharge of purified effluent in sea. The experimental data were studied and analysed, 
and the following conclusions were derived from the results obtained in the fouling 
control experiments. 
i. The fouling study is useful in providing a practical estimation of the 
filtration capacity.   
ii. Secondary fouling was observed due to the presence of dispersed oil 
droplets in the feed. It ends up with more suspended dirt to be trapped 
suspended into the oil layer covering the interior surface of membrane, 
therefore, increases flow resistance and causes further decline in 
permeability. 
i. The trans-membrane pressure seems to have negligible effects on the oil 
rejection efficiency at 2.5 bars (gauge) and below. It is known that a 
higher pressure results in a better flux but it can also enhance the 
formation of a concentration polarization layer. 
ii. The permeability analysis is very useful tools for practical estimation of 
the filtration capacity especially during the selection appropriate 
membrane for the need of various industrial treatment processes. The 
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steady filtration capacity of the 0.5 μm tangential flow microfiltration that 
is used in the experiment around 500-2000 m−2 h−1 during stable flux 
period, as compared to ultra-filtration capacity of only 100 L m−2 h−1 [34], 
which may be too low to be commercially attractive. Higher throughputs 
are required for the treatment of produced water, therefore, better option is 
to consider microfiltration rather than ultra-filters. 
iii. The permeate quality from first experiment at a feed concentration of 1000 
ppm  residual oil content has the best results of 27.8 ppm of residual oil 
content based on volume ratio. The permeate quality were quite consistent 
until 2.5 bars (gauge) pressure. However, the oil concentration has rapidly 
increased to 95.3 ppm of residual oil content @ 3 bars (gauge) trans-
membrane pressure, or 146.1 ppm of residual oil content @ 3.5 bars 
(gauge) trans-membrane pressure. 
iv. Lower oil concentrations in the permeate sample should be expected when 
the feed contained a low concentration of suspended oils. When the feed 
was replaced by a 500 ppm oil in water stream, the permeate quality were 
even lower than 10 ppm of residual oil content based on volume ratio. 
Again, oil phase starts to break through the membrane when pressure 
exceeded 2.5 bars (gauge).   
v. The experiments  demonstrated the ceramic membrane of 0.5 microns 
pores size has  the ability to produce high purity permeate stream to meet 
the threshold required for offshore produced water effluent, typical 29 
   
98 
 
mg/l residual oil in the Gulf of Mexico and 15 mg/l residual oil for new 
facilities in Argentina and Venezuela. However, the major challenge of 
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CHAPTER 6. EXPERIMENTS FOR FOULING CONTROL 
This chapter presents the results of testing of a proposed fouling control measure using 
ultrasonic cavitations. The study evaluates the performance and practicality of cleaning 
the ceramic membrane using ultrasound in comparison to the conventional back-flush 
cleaning.  
 
6.1  Fouling Control. 
In previous chapter, the application of tangential flow microfiltration for the separation of 
oil-in-water emulsions has been investigated. The laboratory experiments proven that the 
ceramic membrane of 0.5 μm pores size has the ability of producing filtrate with 
permeate oil concentration meeting the standard required for the offshore produced water 
effluent.  However, examination of the membranes after experiments showed very thin 
oil layers adsorbed to the membrane surfaces. Oil are viscous and sticky, once it has 
contaminated the surface, that can adversely affect the membrane performance which can 
be difficult to remove from the membrane surface. The ceramic microfiltration filters 
used in the experiments are the type of complex internal pore structures which were 
assumed to be responsible for the internal deposition of oil. Oil drops will become 
trapped in a small pore and therefore, decline in permeation flux should be expected over 
time of operation. This limitation has certainly impeded the large scale applications of 
microfiltration process in the field of oil and gas processing industry.  
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The predominant fouling mechanism observed with tangential flow 
microfiltration membranes are classified into three stages of development:  
(a) the build up of a cake layer on the membrane surface; 
(b) the blocking of membrane pores, and;  
(c) the adsorption of fouling material on the membrane surface or in the pore wall. 
As a rule of thumb, effective cleaning process is needed to restores the membrane 
element ideally to original performance. The usual methods of preventive maintenance in 
the form of membrane cleaning include physical and chemical cleaning methods are often 
implemented in the industry. Forward flushing or backwashing drives the water through 
the membrane pores forwards or backwards by pressure to remove the deposit of 
contaminants. Chemicals such as detergent, alkalis and acids are used to clean fouled 
membranes by chemical reaction to weaken the cohesion forces and adhesion forces 
between foulants and the membrane surface.  
Apart from the above mentioned conventional means of cleaning, replacement of 
the membrane filter is a common practice to rectify this problem. However, all these 
maintenance measures result in interruption in production time and cause down-time with 
major cost implication. 
In order for a process to be capable of delivering good flux rates to enable durable 
operation without frequent changing of filter cartridges, it is the most ideal scenario to 
prevent foulants from depositing on the membrane surface in the first place. However, 
the reality is commonly far away from such ideal situation. There remains a need for 
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filter media with better resistance to fouling and suitable for repeated cleaning, as well as  
innovative anti-fouling technique should be applied to restore the membrane performance 
for a prolong service lifetime.  
 
6.2.  Fouling Control Measures by Ultrasonic Cavitations 
The main objective for the following experiments is to prove the concept of in-situ 
cleaning of membrane filters using ultrasound cavitations. It is among the object of this 
work to provide experimental evidence of antifouling technique using ultrasonic cleaning 
versus the conventional cleaning strategies. With the experimental evidence, it is possible 
to support a further development program of a membrane filtration system which allows 
continuous operation using ultrasonic principle. 
 
Figure 6.2-1: Ultrasonic cavitations within the liquid to prevent fouling materials 
from depositing at the membrane surface. 




The working principle is rather simple. Ultrasonic transducers are utilised to 
produce a high frequency vibrations on the membrane filter, it creates an un-stationary 
flow field adjacent to the membrane surface to keep the particulate contaminants held in 
suspension and swept away by the cross flow passing along the membrane surface. The 
introduction of high frequency ultrasound waves will also produce tiny bubbles which 
form and collapse inside the liquid field, releasing heat and energy.  The cumulative 
effect of millions of tiny bubbles which formed and collapsed is near a membrane surface, 
micro-streaming will result in a dynamic velocity profile that will exert drag forces on 
particles leading to removal. The resulting shear from ultrasonic vibration and cavitations 
will reduce the surface fouling, and the fouling materials dislodged from the membrane 
surface will be quickly swept away by the cross flow. 
In this chapter, three cases of experiments were chosen for evaluation of the in-
situ cleaning performance using ultrasound technique. The test methodologies and the 
results of the selected fouling control experiments are detailed in the following. 
 
6.3  Fouling Control Experiments on 0.5 μm Dead-End Filtration Ceramic Filter 
A simple test rig is built separately from the test rig shown in Chapter 4 for the evaluation 
of the fouling control measures. The test rig consists of a flow loop equipped with a an 
emulsion feed tank,  a clean water tank, a mixer, a centrifugal feed pump, a dead end 
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filter module, flow meter, pressure gauges,  valves,  piping and an ultrasonic cleaning 
tank. Figure 6.3-1 shows the Process and Instrument Diagram (P&ID) for the loop. 
 
Figure 6.3-1: Schematics of a simple test rig for ultrasound cleaning experiments. 
 
In this experiment the effectiveness of in-situ ultrasound cleaning as the fouling 
control measure for the dead-end filtration process was evaluated by comparing the 
results of fouling processes with and without the assistance of ultrasonic cavitations. The 
dead-end filtration cartridge is submerged inside the ultrasonic cleaning tank and filled 
with clean water until the cartridge is submerged beneath the water surface. The 
ultrasonic tank is installed with 4 x 50 W x 38 kHz ultrasonic transducers. The housing of 
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filter cartridge were made of stainless steel to allow transmission of ultrasound energy 
into the liquid filled chamber inside the cartridge to allow effective cleaning by 
ultrasound cavitations. The filter used in the experiment is a 0.5 μm pore size BACFREE 
dead end ceramic filter, measures 11 cm x 47 mm (OD) x 32 mm (ID) x 7 mm (THK), as 
shown in Figure 6.3-2. The technical specifications of the facility components used in the 
experiments can be found in Appendix G. 
 
Figure 6.3-2: A 0.5 μm pore size BACFREE dead end ceramic filter. 
In order to ensure a fair comparison across the experimental results, a new filter 
was used in each experiment to avoid the influence of irreversible fouling due to repeated 
usage of a same filter after back-flush cleaning. In all the experiments, Paraffin oil, with a 
viscosity of 87.12 cP at 20˚ C, was used to produce a homogeneous feed of 3% oil in 
water (by vol.) by adding the correct amount of oil into the clean water (from tap)  and 
stirred by the overhead mixer in the feed tank. 




6.3.1  CASE 1 : Dead End Filtration; Oily Water Feed (3% by vol.); 20 mins 
Fouling, 15 mins Back-flushing “without Ultrasound”; 10 mins Back-flushing “with 
Ultrasound Treatment”. 
In the first half session of the this experiment, a new filter is contaminated by forcing the 
feed to flow forwardly across the dead end filter with a differential pressure of around 1.5 
bar gauge without turning ‘ON’ the ultrasound energy. The fouling process is continued 
for 20 minutes. In the second half session of the experiment, the contaminated filter is 
back-flushed by clean water for a period of 25 minutes, with the ultrasonic tank being 
turned ‘ON’ during the last 10 minutes before the experiment was terminated. The whole 
experiments took 45 minutes, with the first 20 minutes for fouling process with forward 
filtration, next 15 minutes with back-flush cleaning without the assistance of ultrasound, 
and the last 10 minutes with ultrasonic cleaning being turned ‘ON’. The permeability 
values were calculated from the experimental input and plotted in graph as shown in 
Figure 6.3-3.   
The fouling effects were observed with a decline in permeability history as 
expected during the first half of the experiment, except the steady stage was seem to 
show an unexpected recovery in permeability value, moving toward the end of the first 
20 minutes. The slight increment of the permeability indicate the break-through of oil 
phase which actually causes a change in the effective viscosity of the permeate phase. 




Figure 6.3-3:  Fouling control experiment and permeability history (Case 1: 0.5 μm 
BACFREE dead end ceramic membrane, 3% by vol. oil-water mixture, Appendix F.1) 
 
As the membrane has retained oil particles from permeating across its surface, the 
oil content in liquid before the filter would have to increase over time. The discrete oil 
would coalesce to form continuous oil phase where a phase inversion occurs, and oils 
starts to breaks through the membrane, subsequent adding into the effective viscosity of 
the permeate phase. This change is however, not being captured in the calculated 
permeability (К = Jμ∆x/∆P) value, where the permeate viscosity was always assumed to 
be the water viscosity (1.02 cP at 20˚ C), which is 80 times lower as compared to the 
paraffin oil’s  viscosity (87.12 cP at 20˚ C). This explains why the permeability continues 
to soar during the steady stage 5th – 20th minutes, which were not supposed to happen. If 
the change in effective viscosity were measured correctly (which has not been possible in 
this experiments due to limitation of measuring instrument), the corrected permeability 
value should continue to decline during the steady stage (5th – 20th minutes). However, 
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this is not important in this observation, as the main objective of this experiment was to 
observe the role and contribution of ultrasound energy in restoring the membrane 
performance during the second half session of the experiment (20th – 45th minutes). 
 
 
Table 6.3-1:  Fouling control experiment and summary of experimental data (Case 1: 
0.5 μm BACFREE dead end ceramic membrane, 3% by vol. oil-water mixture, 
Appendix F.1) 
 
After the flow reversed for backwashing, the flux does not return to the initial 
value. The flow permeability has recovered to 5.005 x 10-10 cm2 @ 29th minutes, 74.3 % 
of the initial value of 6.738 x 10-10 cm2; Afterward, the permeability again declined to 
4.498 x 10-10 cm2 @ 32th minutes, as summarised in Table 6.3-1. The decline in 
permeability may be related to the secondary contamination of the membrane due to oil 
particles which were back-flushed along the clean water back to the tank and 
contaminated the re-circulating clean water.  To test the ability of ultrasound in 
improving the cleaning performance, the ultrasound energy was turned ‘ON’. Once the 
ultrasound cleaning was introduced, a slight improvement in permeability to 5.269 x 10-10 
cm2 @ 41st minutes was observed almost instantaneously. From these measurement and 
observations, it can also be seen that an irreversible deposition of feed material on the 
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membrane occurs during the experiments. The recovery in permeability has reached a 
maximum of 78.2 % when combining the back washing with the ultrasound cleaning.  
The results indicate a slight contribution of ultrasound cavitations (3.9%) in improving 
the cleaning performance. This increase of permeability was less than 10%, could be 
within the measurement/calculation uncertainties, therefore, need to be taken with reserve. 
The experimental results, however, show that ultrasound cleaning is though with very 
little effects to the back-flushing cleaning, but it definitely shows a positive contribution 
to the improved cleaning performance.  
 
6.3.2  CASE 2 : Dead End Filtration; Oily Water Feed (3% by vol.); 20 mins 
Fouling, 25 mins Back-flushing “with Ultrasound Treatment”. 
A similar experiment was repeated using a new filter, namely Case 2. The fouling process 
is repeated for the first 20 minutes, followed by a back-flush cleaning using the clean 
water for a period of 25 minutes. However, the ultrasonic tank was being turned ‘ON’ 
during the whole 25 minutes instead of 10 minutes as conducted during the previous 
experiment (Case 1). This is to enable assessment on the contribution of ultrasound 
treatment towards the cleaning efficiency, and find out whether a prolong ultrasound 
treatment does improve the back-flush cleaning efficiency or not. The permeability curve 
was calculated from the experimental input as shown in Figure 6.3-4. 




Figure 6.3-4:  Fouling control experiment and permeability history (Case 2: 0.5 μm 
BACFREE dead end ceramic membrane, 3% by vol. oil-water mixture, Appendix F.2) 
 
 
Table 6.3-2:  Fouling control experiment and summary of experimental data (Case 2: 
0.5 μm BACFREE dead end ceramic membrane, 3% by vol. oil-water mixture, 
Appendix F.2) 
 
The starting permeability value is 6.42 x 10-10 cm2 and reached the lowest point at 
1.39 x 10-10 cm2 after 20 minutes of fouling, as summarised in Table 6.3-2. As the flow 
reversed for backwashing, the permeability value has reached a permeability of 5.00 x 10-
10 cm2 @ 40th minutes, a maximum recovery of 77.9 %  from the initial value in this 
experiment (Case 2), very close to the maximum recovery of 78.2 % in the previous 
experiment (Case 1). No concrete conclusion can be drawn with respect to the cleaning 
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performance by the different in cleaning strategies (Case 1 and Case 2 experiments) , as 
the results yielded in both cases were almost identical in term the recovery in 
permeability and flow resistance. 
 
6.3.3  Comparison of Experimental Results for Case 1 and Case 2 
Figure 6.3-5 and 6.3-6 shows the Comparison of Permeability history and Flow resistance 
history of both experiment 1 and 2 (Case 1 and 2).   
The flow resistance (R = ∆P/J) as given as equation (4.4-3) and (4.4-4) indicates 
the energy consumption in terms of trans-membrane pressure (∆P) for producing the 
filtration flux (J). The flow resistance consists of the resistance caused by the filter media 
(Rm) which is the product of the pore size, the pore density, and the pore depth; resistance 
due to internal colloidal fouling (Rc); resistance due to the formation of a highly 
concentrated layer adjacent to the membrane, concentration polarization (Rcp); and 
resistance caused by the formation of the gel layer (Rg), due to the increasing 
concentration of particles near the surface of the membrane. The lower the flow 
resistance, the least energy is required to produce the processing capacity. 
In the dead end filtration, the contribution of ultrasonic cleaning is very negligible. 
This may be due to the filter is preventing the oil from seeping through the membrane, 
over time, the liquid retains behind the filters has gradually increased in oil concentration, 
when the phase inversion occurs, oils forms a continuous phase and break through the 
ceramic membrane. 




Figure 6.3-5:  Fouling control experiment and permeability history (Case 1 & 2: 0.5 
μm BACFREE dead end ceramic membrane, 3% by vol. oil-water mixture,  Appendix 
F.1 & F.2) 
 
 
Figure 6.3-6:  Fouling control experiment and flow resistance history (Case 1 & 2: 0.5 
μm BACFREE dead end ceramic membrane, 3% by vol. oil-water mixture, Appendix 
F.1 & F.2) 




Even though the early intention of this experiment is meant to cure the membrane 
fouling by 3% oily water mixture by vol., however, it was later realized that the oil 
concentration behind the membrane may reach far much higher than 3%,  the ultrasound 
cavitations is definitely not capable for the cleaning the fouling of such a high 
concentration of oil, especially in some cases, they may coalesced to become the 
continuous phase and break through from the membrane without restriction.    
 
6.4 Fouling Control Experiments on 0.5 μm Microfiltration Ceramic Filter  
Case 1 and 2 were set up for the cleaning exercise in dead-end filtration. However, it is 
our main interest to study the cleaning performance in microfiltration membrane instead. 
Therefore, the test rig has been modified as shown schematically in Figure 6.4-1.  
The test rig is designed to test the performance of in situ cleaning of ceramic 
microfiltration membrane using ultrasound principle versus the conventional cleaning 
strategies. The test rig consists of a  flow loop equipped with an emulsion feed tank, a 
clean water tank, a mixer, a centrifugal feed pump, a tangential flow microfiltration filter 
module, flow meter, pressure gauges,  valves,  piping and an ultrasonic cleaning tank.  
Figure 6.3-1 shows the process and instrument diagram (P&ID) for the loop.  
In this experiment the effectiveness of in-situ ultrasound cleaning as the fouling 
control measure for the tangential flow microfiltration process was evaluated by 
comparing the results of fouling processes in the both the cases with and without the 
assistance of ultrasound cavitations. In this experiment, a standard Doulton 0.5 μm pore 
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size ceramic filter was modified to produce a tangential flow microfiltration filter, 
measures 10 cm x 47 mm (OD) x 32 mm (ID) x 7 mm (THK), as shown in Figure 6.4-3. 
The technical specifications of the facility components used in the experiments can be 
found in Appendix G. 
 
 
Figure 6.4-1: Schematics of a simple test rig for ultrasounic cleaning experiments. 
 
Similar to the previous experiments in 6.3, the tangential flow microfiltration 
filter is installed inside a stainless steel cartridge housing filled with clean water, and 
immersed totally beneath within an ultrasonic bath in an ultrasonic cleaning tank (4 x 
50W x 38kHz ultrasonic transducers). It was decided to utilize the much heavier oil 
instead of paraffin oil for this series of experiment. The type of oil used is hydraulic oil 
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Mobil Exxon DTE10 Excel 150 with a viscosity of 325.665 cP at 25˚C, almost 4 times 
much viscous than the paraffin oil. 
From the lesson learnt in the previous experiments, it is decided to lower the feed 
concentration into 500 ppm (0.05%) and 1000 ppm (0.1%) of oil based on volume ratio, 
respectively. This level of oil concentrations are usually the expected range of residual oil 
content in produced water effluents from a three phase separator, typically maximum in 
between 500 ppm (0.05%) to 1000 ppm (0.1%) residual oil based on volume ratio. The 
experimental objective is to investigate whether or not, the ultrasound cleaning could 
cure the membrane surface contaminated by such level of oil in water mixture. 
 
 
Figure 6.4-2: Ultrasonic cleaning tank equipped with 4 x 50 W x 38 kHz ultrasonic 
transducers. 




Figure 6.4-3: 0.5 μm pore size ceramic micro-filter and the stainless steel filtration 
housing. 
 
6.4.2  CASE 3 : Tangential Flow Microfiltration; Clean Water Feed; 10 Runs for  
Fouling, Subsequent 2 Runs After 10 mins Back-flushing,  All Experiments “without 
Ultrasound Treatment”, Base Case Reference. 
In the third experiment, namely Case 3, a new filter is again contaminated by allowing 
the clean water feed to flow along the tangential flow microfiltration filter with a 
differential pressure of around 1.5 bar gauge without turning ‘ON’ the ultrasound energy.   
The experimental procedures were detailed in the following: 
STEP 1, the fouling process was continued for 10 runs of experiments, with 10 
minutes intervals for each run, total time around 100 minutes.  
STEP 2, the experiment was interrupted for a 10 minutes back-flush cleaning. The 
restored performance such as permeability and flux rate was recorded. 
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STEP 3, an additional cycle (10 minutes) of backwashing was executed to ensure 
no further increment on the permeability then the experiment is ended.  
The permeability and flow resistance were calculated from the experimental input 
as plotted in Figure 6.4-4 and 6.4-5, respectively.   
This main purpose of this experiment is to establish a base case reference for all 
the subsequent observations. 
 
 
Figure 6.4-4:  Fouling control experiment and flow permeability history (Case 3 : 0.5 
μm Doulton ceramic microfiltration membrane, clean water feed, Appendix F.7) 
 




Figure 6.4-5:  Fouling control experiment and flow resistance history (Case 3 : 0.5 μm 
Doulton ceramic microfiltration membrane, clean water feed, Appendix F.7) 
 
6.4.3  CASE 4 : Tangential Flow Microfiltration; Oily Water Feed (0.1% by vol., 
1000 ppm oil concentration); 10 Runs for  Fouling, Subsequent 2 Runs After 10 
mins Back-flushing,  All Experiments “without Ultrasound Treatment”. 
In the fourth experiment, namely Case 4, a new filter is contaminated by allowing the 
1000 ppm of  (0.1%) oil in water feed to flow along the tangential flow microfiltration 
filter with a differential pressure of around 1.5 bar gauge without turning ‘ON’ the 
ultrasound energy.   
The experimental procedures were detailed in the following: 
STEP 1, the fouling process was continued for 10 runs of experiments, with 10 
minutes intervals for each run, total time around 100 minutes.  
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STEP 2, the experiment was interrupted for a 10 minutes backwashing. The 
restored performance such as permeability and flux rate was observed afterwards. 
STEP 3, an additional cycle (10 minutes) of backwashing was executed to ensure 
no further increment on the permeability then the experiment is ended. 
The permeability and flow resistance were calculated from the experimental input 
as compared in Figure 6.4-6 and 6.4-7, respectively.   
 
 
Figure 6.4-6:  Fouling control experiment and flow permeability history (Case 4 : 0.5 
μm Doulton ceramic microfiltration membrane, 0.1% by vol. oil-water mixture, 
Appendix F.3) 
 
In Figure 6.4-6,   the green colour curve shows the permeability decline and flow 
resistance of the microfiltration filter during the filtration of clean water. In this 
comparison that, the permeability curve is relatively lower when the feed has contained 
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oil.  So is the flow resistance curve, the presence of suspended oil particles does seem to 
increase the flow resistance due to the reason of more fouling.  
 
Figure 6.4-7:  Fouling control experiment and flow resistance history (Case 4 : 0.5 μm 
Doulton ceramic microfiltration membrane, 0.1% by vol. oil-water mixture, Appendix 
F.3) 
 
6.4.4  CASE 5 : Tangential Flow Microfiltration; Oily Water Feed (0.05% by vol., 
500 ppm oil concentration); 10 Runs for  Fouling, Subsequent 2 Runs After 10 mins 
Back-flushing,  All Experiments “without Ultrasound Treatment”. 
In the fifth experiment, namely Case 5, a new filter is again, contaminated by allowing 
oily water mixture with to flow along the tangential flow microfiltration filter with a 
differential pressure of around 1.5 bar gauge without turning ‘ON’ the ultrasound energy.   
The experimental procedures are similar as in Case 3, except it was replaced by a 
feed with lower residual content of 500 ppm (0.05%) oil based on volume ratio. 
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The permeability and flow resistance were calculated from the experimental input 
as plotted in Figure 6.4-8 and 6.4-9 respectively.   
For comparison in the Figure is the green colour curve which reveal the 
permeability decline and flow resistance of the microfiltration filter during the filtration 
of clean water feed. In this comparison that, the permeability value is obviously lower 
when the feed has contained oil.  So is the flow resistance curve, the present of suspended 
oil particles does seem to increase the flow resistance due to the reason of more fouling.  
 
Figure 6.4-8:  Fouling control experiment and flow permeability history (Case 5 : 0.5 
μm Doulton ceramic microfiltration membrane, 0.05% by vol. oil-water mixture, 
Appendix F.5) 
 




Figure 6.4-9:  Fouling control experiment and flow resistance history (Case 5 : 0.5 μm 




6.4.5  CASE 6 : Tangential Flow Microfiltration; Oily Water Feed (0.1% by vol., 
1000 ppm oil concentration); 10 Runs for  Fouling, Subsequent 2 Runs After 10 
mins Back-flushing,  All Experiments “with Ultrasound Treatment switched ON”. 
In the sixth experiment, namely Case 6, a new filter is again, contaminated by allowing 
oily water mixture with to flow along the tangential flow microfiltration filter with a 
differential pressure of around 1.5 bar gauge, but this time with  the ultrasound energy 
switched “ON”.   
The experimental procedures are similar as in Case 3, except it was replaced by a 
feed with an oil concentration of 1000 ppm (0.1%) based on volume ratio. 
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The permeability and flow resistance were calculated from the experimental input 
as shown in Figure 6.4-10 and 6.4-11, respectively.   
 
Figure 6.4-10:  Fouling control experiment and flow permeability history (Case 6 : 0.5 
μm Doulton ceramic microfiltration membrane, 0.1% by vol. oil-water mixture, 
Appendix F.4) 
 
For comparison in the figures is the green colour curve which reveal the 
permeability decline and flow resistance of the microfiltration filter during the filtration 
of clean water feed. In this comparison that, the permeability values in Case 6 experiment 
(with ultrasound switched ‘On’ and 1000 ppm of oil in water feed) are very close to that 
of base case experiment (Case 3) with only clean water feed  (without ultrasound).  




Figure 6.4-11:  Fouling control experiment and flow resistance history (Case 6 : 0.5 
μm Doulton ceramic microfiltration membrane, 0.1% by vol. oil-water mixture, 
Appendix F.4) 
 
Similarly in the flow resistance curve, the results indicates the ultrasound 
cavitations reduced fouling and prevented the flow resistance from escalating. This 
indicates the ultrasound cavitations have positive significant on the permeability, the 
ultrasound cleaning is effective to remove the fouling and maintain the filter performance 
to the extent equivalent to  the case of clean water feed, even though the feed did actually 
contains 0.1 % (1000 ppm based on volume ratio) of  suspended heavy oil. 
 
6.4.6  CASE 7 : Tangential Flow Microfiltration; Oily Water Feed (0.05% by vol., 
500 ppm oil concentration); 10 Runs for  Fouling, Subsequent 2 Runs After 10 mins 
Back-flushing,  All Experiments “with Ultrasound Treatment switched ON”. 
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In the seventh experiment, namely Case 7, a new filter is again, contaminated by 
allowing oily water mixture with to flow along the tangential flow microfiltration filter 
with a differential pressure of around 1.5 bar gauge, but this time with  the ultrasound 
energy switched “ON”.   
The experimental procedures are similar as in Case 3, except it was replaced by a 
feed with oil concentration of 500 ppm (0.05%) based on volume ratio. 
The permeability and flow resistance were calculated from the experimental input 
as shown in Figure 6.4-12 and 6.4-13, respectively.   
For comparison in the Figure is the green colour curve which reveal the 
permeability decline and flow resistance of the microfiltration filter during the filtration 
of clean water feed. In this comparison that, the permeability curve of Case 7 experiment 
(with ultrasound switched ‘On’ and 500 ppm of oil in water feed) seem to perform even 
better than the base case experiment with only clean water feed (without ultrasound).  
A similar result was also observed in the flow resistance curve. This result 
indicates the ultrasound cavitations have reduced fouling due to the contamination of oil, 
as well as contamination due to impurity contained in the clean water feed. The clean 
water feed was actually withdrawn from the tap in the laboratory, which may still 
contains less than 50 ppm of residual oil content and other impurities. With the assistance 
of the ultrasound energy, the filter performance has improved to an extent better than the 
filtration of clean water without ultrasound treatment. That means the ultrasound cleaning 
is effective to remove the fouling and maintain the filter performance for prolong 
performance, and reduces the need and frequency for back-flush cleaning. 




Figure 6.4-12:  Fouling control experiment and flow permeability history (Case 7 : 0.5 




Figure 6.4-13:  Fouling control experiment and flow resistance history (Case 7 : 0.5 
μm Doulton ceramic microfiltration membrane, 0.05% by vol. oil-water mixture, 
Appendix F.6) 
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6.4.7  Comparison of Experimental Results from Case 3 to Case 7 
The average permeability and flow resistance value of all experiments from Cases 3 to 7 
are tabulated in Table 6.3-1. 
  
Table 6.4-1:  Mean permeability and flow resistance values (Case 3 to Case 7: 0.5 μm  
0.5 μm Doulton ceramic microfiltration membrane) 
 
From the tabulated results, it reveals the fouling characteristics in terms of mean 
permeability from better to poor are sequenced in such an order : Case 7 (9.967 x 10-11 
cm2),  Case 3 (9.290 x 10-11 cm2),  Case 6 (8.802 x 10-11 cm2),  Case 5 (8.661 x 10-11 cm2) 
and Case 4 (7.92 x 10-11 cm2).  Case 7 has the highest mean permeability (the least 
fouling) and Case 4 has the lowest mean permeability, which indicates a worst fouling. 
On the other hand, the filter performance in term of mean flow resistance from better to 
poor has a similar sequence as above, with Case 7 has the lowest mean flow resistance 
(least energy consumption) and Case 4 with highest mean flow resistance, which 
indicates the highest energy consumption due to the worst fouling. The comparison of 
permeability history and flow resistance history of all experiments under comparable 
conditions from Cases 3 to 7 are presented in the following Figure 6.4-14 and 6.4-15.  




Figure 6.4-14:  Fouling control experiment and flow permeability history (Case 3 to 
Case 7 : 0.5 μm Doulton ceramic microfiltration membrane) 
 
 
Figure 6.4-15:  Fouling control experiment and flow resistance history (Case 3  to 
Case 7 : 0.5 μm Doulton ceramic microfiltration membrane) 
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In Figure 6.4-14, the direction of the feed was reversed for back-flushed cleaning 
after 10 runs of experiments for the fouling study. The backwash phase was conducted 
with/without the influence of the ultrasound for the duration of 10 minutes, followed by a 
microfiltration process at the 11th run to record the flow recovery in term of permeability 
and resistance. This back-flushed cleaning was resumed for another 10 minutes for the 
purpose to check whether an optimum was obtained. Once the flow permeability has 
declined from the optimum, the experiment was terminated. This procedure is standard in 
all the experiments from Cases 3 to 7.   
It was noticed in Figure 6.4-14, a steeper decline in the flow permeability were 
observed in experiments under the influence of ultrasound (Cases 6 and 7) during 12th run 
of experiment at back-flushed cleaning phase. This is likely to be the result of the re-
circulated clean water feed being contaminated by the dispersed oil particles which were 
purged out from the ceramic membrane over time. The ultrasound has a tendency to 
increase the rate of emulsification and reduce the size of dispersed liquid particles [54]. 
While the back-flush purges the fouling materials out from the internal surface of the 
ceramic membrane, it could lead to secondary fouling through the plugging of the pores 
on the external surface of the ceramic membrane by the smaller oil particles.  
In the following sections, the effects of various factors toward the fouling 
(permeability decline) and energy consumption (flow resistance) would be discussed. 
 
6.4.8  The Effects of Oil Contents on Permeability and Flow Resistance 
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In Figure 6.4-14, the comparison of results indicates both the experiments with oil-water 
feed at 500 ppm and 1000 oil concentrations and without the assistance of ultrasound,  
have the lowest permeability value, which are Cases 4 and 5, respectively. Both the mean 
permeability value in Cases 4 and 5 as revealed in Table 6.3 are found lower as compared 
with Case 3 with clean water feed under comparable conditions.  That means the 
presence of oil even in a small concentration, escalated the fouling, hence reduce the 
permeability and the filter processing capacity.   Similar trends were observed in the flow 
resistance curve in Figure 6.4-15. The comparison of results indicate both the 
experiments with oily water feed (Cases 4 and 5) have higher energy consumption 
(higher resistance) as compared with the case with clean water feed (Case 3).  That means 
the presence of oil even in a small concentration, escalated the fouling and increase the 
energy required for maintaining the filtration flux.    
 
6.4.9  The Effects of Ultrasound Cleaning on Permeability and Flow Resistance 
In Figure 6.4-14, the comparison of results indicates both the experiments with 
ultrasound treatment (Cases 6 and 7) have higher permeability value as compared to the 
experiments without ultrasound treatment (Cases 4 and 5). In Case 7 with reduced feed 
concentration to 500 ppm of oil concentration based on volume ratio, the mean 
permeability is 9.967 x 10-11 cm2 is even better that Case 3 with only clean water feed 
(without ultrasound). It shows a 15.1% improvement in permeability when compared the 
case without the assistance of ultrasound cleaning (Case 5, mean permeability of 8.661 x 
10-11 cm2), and 7.30 % improvement from the case with only clean water feed and 
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without ultrasound cleaning (Case 3, mean permeability of 9.290 x 10-11 cm2). That 
means with the assistance of ultrasound cleaning, it reduces the degree of fouling, hence 
improve permeability and the filter performance.    
Similar trends were observed in the flow resistance curve in Figure 6.4-15. The 
comparison of results indicates both the experiments with ultrasound treatment (Cases 6 
and 7) have lower energy consumption (lowest resistance) as compared with the case 
without ultrasound cleaning (Cases 4 and 5). In Case 7 with reduced feed concentration 
to 500 ppm of oil, the mean flow resistance is 7368.8 bars.s/m, which is even better than  
the result in Case 3 with only clean water feed (without ultrasound) under comparable 
conditions.  It shows 10.6 % improvement in resistance from the case with only clean 
water feed and without ultrasound cleaning (Case 3, mean flow resistance of 8239.8 
bars.s/m). 
The fouling control experiments also indicate significant recovery of filter 
permeability by the assistance of ultrasound. At 500 ppm (0.05%) oil concentration, 
15.07% recovery in permeability was recorded with mean filtration capacity to improve 
from 2749.6 L m−2 h−1 to 2389.4 L m−2 h−1. Significant decline in resistance of 18.93% 
also indicate reduced fouling and the energy consumption required for maintaining the 
filtration flux, which may be used to supply the energy required for ultrasound cleaning.  
Encouraging results shows it is indeed possible to conduct in-situ cleaning while the 
filtration is still in operation. 
 
6.5  SUMMARY 
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An experiment setup was introduced to study the fouling control measures of dead end 
filtration and tangential flow microfiltration using 0.5 μm ceramic membrane and 
ultrasound cavitations.  The experimental data were studied and analysed, and the 
following conclusions were derived from the results obtained in the fouling control 
experiments. 
The effects of ultrasonic cavitations on the permeability performance of dead end 
filtration using ceramic 0.5 μm membranes were investigated. The following give the 
summary of observations such as: 
vi. In the dead end filtration, the contribution of ultrasonic cleaning is very 
negligible. The early intention of this experiment is to cure a 3% oily 
water mixture by vol., however, it was later realized that the oil has 
retained behind the membrane and reach the concentration far exceeding 
3% oil by volume, the ultrasound cavitations is definitely not capable for 
the cleaning of such high content of oil, especially in some cases, they 
may coalesce to form the continuous phase and break through from the 
membrane without restriction.    
vii. The results indicate a slight effect (3.9%) of ultrasonic cavitations in 
improving the cleaning performance for dead-end filtration filter. From an 
application viewpoint, the ultrasound cleaning seem to contribute very 
little effects to the back-flushing cleaning, but it definitely shows a 
positive contribution to the overall cleaning performance. 
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viii. No concrete conclusion can be drawn with respect to the cleaning 
performance by the different in cleaning strategies (Cases 1 and 2 
experiments) , as the results yielded in both cases were almost identical in 
term the recovery in permeability and flow resistance. 
 The effects of ultrasonic cavitations on the permeability performance of tangential 
flow microfiltration using ceramic 0.5 μm membranes were investigated. The following 
give the summary of observations such as: 
i. The presence of heavy oil even in a small concentration, escalated the 
fouling, reduce permeability and increase resistance and the energy 
required for maintaining the filtration flux.    
ii. With the assistance of the ultrasound energy, the filter performance has 
improved to an extent better than the filtration of clean water without 
ultrasound treatment. That means the ultrasound cleaning is effective to 
remove the fouling and maintain the filter performance for prolong 
duration, and reduces the need and frequency for back-flush cleaning. 
iii. The experimental results indicate significant recovery in flow permeability 
when the tangential flow microfiltration is assisted by the ultrasound 
cleaning. At 500 ppm (0.05%) feed concentration, 15.07% recovery in 
permeability was recorded with a mean filtration capacity to improve from 
2749.6 L m−2h−1 to 2389.4 L m−2h−1.  This suggests that the ultrasound 
assisted tangential flow microfiltration process is a promising technique 
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for preventing membrane fouling during oily water treatment at feed  
concentration below 1000 ppm residual oil.   
iv. For ultrasonic cleaning of microfiltration membranes to be a viable option, 
it must be energy-effective. The results of experiment at 500 ppm (0.05%) 
feed concentration indicates a significant decline in resistance of 18.93% 
indicates reduction in the energy consumption required for maintaining the 
filtration flux, suggests the possibility of re-utilizing the energy saved for 
the supply to the ultrasonic application.   
v. It is unclear at this stage, whether by using ultrasound is sufficient to 
substitute the back-flush cleaning for continuous operation without 
frequent changing of filter cartridges.  The results indicate necessity for 
parametric analysis and optimisation of the cleaning procedures to enable 
the best cleaning for possible substitution to conventional back-flush 
operation. Further work, however, would need to be carried out in this 
regard to decide the relevant criteria (such as number of ultrasound 
transducers, power, ultrasound frequency, design, suitable membrane 
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CHAPTER 7. SUMMARY AND CONCLUSIONS 
This chapter presents the summary and conclusions of the research described in the thesis. 
The aim and objectives of the research, are reviewed and their achievement addressed. 
7.1 Summary 
The main objective of the research was to develop a tangential flow microfiltration 
technology for the separation of oil-in-water emulsions. A research methodology was 
designed and implemented to seek to incrementally fill the gaps in the boundary of 
knowledge and realise the research aim. The present work has accomplished significant 
goals with regard to the setting up of experimentations to study the potential applications 
of membrane technology in the produced water management. The results attained by the 
work presented within this dissertation as a direct consequence of meeting these 
objectives, can be briefly summarised as: 
i. The proposed tangential flow microfiltration process was proven to be capable of 
treating oil in water stream with the a concentration of 500 (0.05%) and 1000 ppm  
(0.1%) of oil, to a level below 29 mg/l of residual oil (approximately 32 ppm 
based on volume ratio), by using the 0.5 μm pore size ceramic membrane filters. 
The permeate quality obtained from a feed of 1000 ppm  (0.1% by vol.) oil in 
water has the best results of 27.8 ppm residual oil content, as compared to a 
permeate quality not exceeding 10 ppm of residual oil content as obtained from a 
feed of 500 ppm (0.05% by vol.) oil in water.  
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ii. This study indicates the trans-membrane pressure have negligible effects on the 
oil rejection efficiency in ceramic membranes until a trans-membrane pressure of 
2.5 barg is reached. When pressure exceeded 2.5 barg, it results in a better flux 
but the permeate quality has rapidly increased beyond the 29 mg/l threshold 
(approximately 32 ppm residual oil content based on volume ratio). This is 
because the oil phase starts to break through the membrane at this pressure. 
iii. The results of fouling control experiments indicate an improvement of filter 
permeability by the assistance of ultrasound energy during the course of filtration. 
At 500 ppm (0.05%) oil concentration, the filter with the assistance of ultrasound 
has even better permeability than the filtration of clean water without ultrasound 
treatment. That means the ultrasound cleaning is effective in controlling fouling 
and maintaining the filter for a prolong performance, thus reduces the need and 
frequency of back-flush cleaning. 
iv. Ultrasound cleaning reduces the degree of fouling, hence reduce the flow 
resistance and the energy consumption required for maintaining the filtration flux.  
However, this observation does not take into accounts the additional energy 
required for ultrasound cavitations. Significant decline in the resistance indicates 
reduction in the energy consumption, suggests the possibility of re-utilizing the 
energy saved for the supply to the ultrasonic application.   
v. It is unclear at this stage, whether by using ultrasound is sufficient to replace the 
conventional back-flush cleaning for a continuous operation without frequent 
changing of filter cartridges. This finding indicates the necessity for the 
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optimization of relevant factors determining the best cleaning, such as the number 
of ultrasound transducers, power supplied, ultrasound frequency, 
design/orientation, membrane materials suitable for repeated cleaning, etc. 
 
7.2  Final Conclusions 
When alternative separation technologies are considered for the treatment of produced 
water, the discussion may turn to membrane filtration using ceramic, which are rated as 
micro-filters or ultra-filters depending on the pore size of the membrane. While such 
filters have had some measure of success in industrial applications, they have not been 
widely deployed in the filtration of produced water yet. One of the main obstacles is the 
issue of fouling.  
In this thesis, an experimental setup was introduced in Chapter 4 and Chapter 5 to 
prove the performance of tangential flow microfiltration process for possible application 
in the treatment of produced water (oily water as a substitute) in fulfilling the regulatory 
requirements for direct discharge of purified effluent in sea. Special attempts have also 
been dedicated on the control of fouling of membrane filter.  A series of experiments 
were introduced in Chapter 6 to study the fouling control measure using back-flush and 
ultrasound cleaning for both dead-end flow and tangential flow microfiltration. The 
results proven ultrasound is effective in controlling fouling, and future works necessary 
to optimise the cleaning strategies for attaining reversibility of membrane fouling, 
including non-tortuous membrane metal membrane suitable for repeated cleaning, are 
recommended in Chapter 8.  
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As for production time is concerned, the longer the back-flush cleaning is 
required, it reduces the production time, thus the back-flush cleaning time should be 
limited. It is hoped in the near future, the ultrasound cleaning will be able to substitute the 
back-flush cleaning for in-situ cleaning without interrupting the production time for 
backwashing.  However, the ultrasonic cleaning of microfiltration membranes must be 
energy-effective for it to be a viable option. The future research should look into the 
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CHAPTER 8. RECOMMENDATIONS  
This chapter details the recommendation as a result of discussion in the previous chapters, 
and future works is recommended.   
 
8.1  Challenges and Opportunity 
One of the current challenges to offshore operators is to find a way of treating produced 
water in a subsea environment. Typically this application requires a topside facility. The 
operators have called for an unconventional solution to treating the contaminated fluids 
and releasing them at a subsea level. The fluids needed to be treated in such a way that 
they would be safe to release into the surrounding marine environment. The operator had 
to ensure compliance with local legislation regarding the release of a chemically treated 
discharge. To meet compliance, the water released had to meet a stringent requirement 
not exceeding 15~30 mg/l of residual oil depends where it is disposed.  
The conventional gravity separator and hydro-cyclone separates the dispersed 
phases from continuous phases according to their density difference under the action of 
gravity force or centrifugal force induced by swirling flow. Hydro-cyclone is though 
efficient to separate immiscible liquids, it has limitations to separate oil emulsion droplet 
from produced water especially for droplet size below 20 μm. As is the gravity separator, 
its efficiency depends on the g-force and internal settling distances. The time required to 
remove oil droplets is basically the settling distance divided by the settling velocity, 
however, the settling velocity is proportional to the square of oil droplet diameter. The 
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Stokes’s Law which depend on the droplet size, make both gravity separators and hydro-
cyclones have limitation to size of oil droplets which can be removed from the produced 
water. Moreover, surfactants are often used to stabilize oil droplets. Produced water 
containing chemicals that have a negative influence on the interfacial tension, include 
Corrosion Inhibitors and/or Methanol will contain higher concentrations of small oil 
droplets. The presence of surface active chemicals forms an encapsulation of hydrophilic 
and/or hydrophobic particles on the oil droplets and prevent droplet from coalescing. The 
inherent difficulty of coalescing emulsified oils in gravity separator, and ineffective 
separation of finer emulsion droplets slightly lighter than the continuous phase. As a 
result, produced water after separation from oil during the primary separation process 
may yet contains residual oil in form of emulsions. 
Apart from the above, there is another challenge to conventional separator about 
the size of equipment at subsea environment.  At shallower water, the wall thickness of 
the equipment is driven by internal pressure alone. When moving to deeper field, 
hydrostatic pressure dictates the wall thickness. The wall thickness is proportional to 
hydrostatic pressure, increases the diameter and eventually adding the wall thickness 
further. Hence, the increase in weight is disproportional to the depth. Hence, small 
diameter compact design with thinner wall requirement should be a preferable criterion 
for future technological solution in subsea processing and/or down-hole application.  
Apparently, most separators have drawbacks connected with their specific 
advantages. Technological solution is hence required to adequately reduce the residual oil 
in produced water to comply with the regulatory standard for reinjection and direct 
disposal. Alternate solution other than attempts uses g-force or centrifugal acceleration or 
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coalescing technique need to be assessed if complete separation of production stream is 
desired for overboard disposal or direct discharge at subsea. Thus, it is the mid-term 
interest of the research work to response to the industrial need for the development a 
novel patent pending treatment system that could operate at subsea environment.   
 
8.2  Recommendations for Future Designs in Produced Water Management 
Based on the problem statement in 8.1, the criteria for ideal produced water system in 
future subsea operation should be: 
i. a system with better separation performance, capable of removing 
emulsion in order to meet most stringent standard for reinjection and 
disposal.  
ii. a cheaper solution which is smaller, simpler and energy efficient. 
iii. a system allows the produced water treatment plants to be much smaller, 
simpler, more efficient and energy efficient and operable even in confined 
working environment.  
iv. a system capable of having complete separation with direct disposal of 
produced water in subsea environment (Type 3 subsea processing 
technology).  
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v. a system inherently simple, capable to operate within small diameter 
environment which make it a potential solution even for down-hole 
operation.  
 In the author’s opinion, the ideal form of separator system will not be dominance 
of any kind, but rather to be a hybrid of multiple separation techniques.  
Microfiltration technology is obviously beneficial as it is (1) a cheaper solution 
which is smaller, simpler and energy efficient; (2) capable of producing a very high 
quality permeate to meet the regulatory limits for disposal; (3) capable to operate within 
small diameter environment; (4) technologically more attractive for future  subsea and 
down-hole processing.  
The experimental evidence in this work have proven that tangential flow 
microfiltration process is capable of producing very high quality permeate flow to meet 
the regulatory limits for disposal in sea. The results shows further improvement below 29 
mg/l is possible with lower feed concentration (typically 500 ppm oil concentration on 
volume ratio which is the typical range for produced water discharged from bulk 
separation) or using ceramic membrane with smaller pore size below 0.5 μm.  These 
advancement in the filtration technology has made it a possible solution as an future 
alternative for the treatment of some previously difficult separation application. 
However, issue of fouling has to be carefully addressed. Although ceramic 
membranes can be used to treat produced waters, they experience a decline in permeate 
throughput or flux as a result of fouling. The issues of fouling should be addressed in this 
proposed design.  




8.3 Recommendations for Fouling Control Experiments. 
As presented in Chapter 5, the series of tangential flow microfiltration experiments 
conducted has demonstrated that a ceramic membrane of 0.5 microns pores size has the 
ability to produce high purity permeate stream to meet the threshold required for offshore 
produced water effluent, typical 29 mg/l residual oil in the Gulf o Mexico. The permeate 
quality from first experiment with  1000 oily in water feed has the best results of 27.8 
ppm of residual oil content, and the permeate quality were even lower than 10 ppm of 
residual oil content when the feed is replaced by 500  in oily water stream by volume. 
However, the major challenge of operation is the control of fouling.   
The experiments in Chapter 6 yielded encouraging results to prove that with 
ultrasound cavitations, it reduces the extent of fouling on membrane filter, hence improve 
the flow permeability for prolong operation without need for the black-flushing. However, 
it is still unclear at this stage, whether using ultrasound is sufficient to allow continuous 
operation without back-flush cleaning.  The experimental results is only an early 
indication of potential application of ultrasound cleaning for improved fouling problems, 
it is proposed in this thesis report to conduct more research as recommended in the 
following. 
i. Optimization of membrane cleaning using the ultrasound are required to 
establish the relevant criteria such as the power and frequency of the 
ultrasound are required to determine the best cleaning performance for 
assessment with the conventional back-flush cleaning. Ultrasonic 
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generators and transducers should be used in the next experiments instead 
of the ultrasonic cleaning tank. 
  
Figure 8.3-1:  Proposed direct mounting of the ultrasonic transducers on the stainless 
steel housing of the microfiltration unit.  
 
ii. The transducers should be installed on the housing of the filter cartridge to 
allow a direct cleaning, instead of the current setup using indirect mode of 
cleaning by submerging the cartridge housing into the ultrasonic tank 
filled with water, as illustrated in Figure 8.3-1. The ultrasound have been 
propagated from the beneath, and partial of the energy were dissipated to 
the liquid in the tank instead of doing the cleaning the filter cartridge. The 
optimised performance of ultrasound cleaning still unknown but we are 
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very optimistic about the results, it should perform at better efficiency than 
the current observations. 
iii. The ultrasound transducers used in the experiments were operating at a 
fixed frequency (resonant frequency) of around 38 kHz.  In the future, 
sweep frequency may be considered by changing the generator output 
through a frequency band by sweeping from a lower frequency to a higher 
frequency. By exciting the transducers in this manner pressure waves of 
different frequencies will be introduced into the liquid causing better 
overall cleaning and less dead spots [42]. 
iv.  Other relevant criteria such as the suitable membrane materials are also 
important.  Innovative membrane with minimal tortuosity for better 
cleaning efficiency and higher processing capacity is critical for the 
potential application of tangential flow microfiltration in future subsea 
processing. More details about this recommendation will be reported in 
the next section 8.4. 
v. A technically simpler approach than backwashing such as Process Flow 
Disruption (PFD) technique with the assistance of ultrasound can be 
considered the future experiment by setting the trans-membrane pressure 
to zero by temporarily closing off the permeate outlet to permits attrition 
of the fouling layer by the tangential flow. PFD is though is not as 
effective as backwashing in removing fouling, but can be advantageous as 
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it save the need for additional pump and plenty of clean water for the 
cleaning.  
vi. Alternatively, the removal of foulants which have plugged the pores can 
be innovatively accelerated by injecting gas bubbles from the permeate 
side during the Process Flow Disruption (PFD) , furthermore, assisted with 
the ultrasound.  
 
8.4 Recommendations for Alternative Membranes. 
The ceramic filters used in the experiments are the type with complex internal pore 
structures, hence with higher tendency to internal deposition of foulants, such as the oil 
droplets,  and therefore, lower permeate flows should be expected over time of operation.  
As reviewed by Michaels [36] in a report, the properties to be considered in filter 
media selection for tangential flow microfiltration include chemical compatibility, 
cleanability, service life, flux and cost. The variation in flux of tangential flow 
microfiltration depends on the emulsion droplet size and the type of filter used.  
The recent advancement in the filter development has been the metal type filters 
where the pore passes directly through the filter from one side to the other with minimal 
tortuosity. This is an area where there are continual developments, and filters with non-
tortuous pores should show a lower tendency to block foulants [34].  
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In one study, a metal filter with mean pore size of 4.1 μm  operated at a stable 
flux of 400 L m−2 h−1, whilst achieving a rejection of 50% for oil droplets of 5 μm, at a 
trans-membrane pressure of between 0.1 and 0.3 bar. This flux is about 40 times higher 
than typical fluxes obtained with diatomaceous earth or other membranes [2]. 
Among the recent advancement in membrane technologies, an interesting 
technique of manufacturing a non-tortuous membrane pore uses the laser interferometry 
to make a silicon nitride/silicon membrane with pore dimensions down to 0.1 μm [35]. 
These filters with high surface porosity have given high fluxes of the order of 4000 L m−2 
h−1 at low trans-membrane pressures when processing highly fouling material such as 
beer yeast. Based on the Figure 8.2, the estimated flux for a 0.5 μm pore size non-
tortuous membrane should be of the order of 105 L m−2 h−1 even at low trans-membrane 
pressures.  
 
Figure 8.4-1: SEM photo of the perforated membrane of a microsieve made with 
interference lithography [35].  




Figure 8.4-2: Calculated clean water flux for circularly perforated microsieves with a 
porosity of 20% and a membrane thickness equal to the pore diameter [35]. 
 
However, these advanced filters are currently not available to date, therefore, it is 
recommended to test alternative membranes in the future experiments which are 
commercially available, such as the latest sintered wire mesh (cloth) filter, which has 
never before used for oil-water separation. The sintered wire mesh membranes as 
depicted in Figure 8.4-3, combines different layers of stainless steel wire mesh and then 
sintered together through vacuum sintering, compressing and rolling, forming a porous 
product. The sintered wire mesh filter is relatively easier to clean as compared the 
conventional ceramic membrane. It has better mechanicals strength against pressure and 
temperature and suitable for subsea environment. Currently, 0.5 μm pore size sintered 
wire mesh filters are already available in the market (on custom order basis) from the 
filter manufacturers. 




Figure 8.4-3: Sintered wire mesh filters made of stainless steel 
 
In Chapter 6, ultrasound cavitations though can be used to increase the flux by 
breaking the concentration polarisation and cake layer at the membrane surface. However, 
damage due to ultrasound cleaning on the membrane surface has become a major concern 
in some research [41], especially for ceramic membranes. Therefore, it is the ongoing 
objective of this research to test the filtration and cleaning performance of the advanced 
membranes, with hope to develop a tangential flow tangential flow microfiltration 
process with in-situ cleaning with ultrasound, with membrane suitable for repeated 
cleaning without damage on membrane, so as to remove the need for frequent changing 
of cartridges.  
 
 
   
149 
 
8.5  Recommendations for Oil Contents Measurements 
Although the analysis for oil in water is seemingly a simple procedure, it is actually 
complex process. The oil content in water samples can be determined by using the TD 
500D fluoro-meter in less than 10 minutes. However, the process for quantifying the 
correct amount of oil extracted could be a tedious process. A value determined with a 
given method always has associated with it an uncertainty caused by the potential errors 
to which the method is subject [52].   For instance, the sample volumes can affect 
efficiencies in the extraction of oil content for accurate results. The smaller the sample 
volume, it may not well represent a true fraction of the oil content in total liquid volume 
being measured. The solvent extraction method using UV fluorescence technique for the 
monitoring of oil content requires only 10 mL of water sample for each measurement. In 
order to ensure the homogeneity of the samples taken from a 200 mL flask, the flask is 
shaken for two minutes before the 10 mL of water samples is pipetted for the subsequent 
measurement. A rigorous shaking was though helpful to homogenise the sample before 
the solvent extraction, however, it causes the deposition of residual oil on the inside of 
the flask which would eventually affects the accuracy in readings, especially for the 
measurement of sample with very low residual oil content.  
For due reason, a rotavapor distillation equipment is recently purchased by the lab, 
as illustrated in Figure 8.5-1. With a rotavapor, the water or solvent can be distilled from 
the sample by means of a heating bath. A thin water or solvent film forms on the inside of 
the rotating evaporating flask, resulting in an increased evaporation rate. The rotation also 
leads to an even mixing of the sample thus preventing stationary overheating in the flask.  
The water or solvent vapour flows into the condenser and the receiving flask collects the 
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condensed water or solvent.  As a result, the residue content in the evaporating flask can 
be weighed to determine the residual content in mg/l of the sample. This method allow a 
direct measurement of residual content from sample in higher volume, reduces the 
potential errors introduced by the small sample volume, inconsistency in homogenization, 
and diminish the problem of losing the residual content as a deposit on the inside of the 
flask.  Therefore it is recommended in the future experiments to use the distillation 
technique as the alternative method for measurement of oil content. By comparing the 
results of analysis of replicate sets of samples using both the fluoro-meter and the 
distillation equipment, the potential errors associated with the different method can be 
reasonably quantified and the confidence of reading can be determined. This step is 
essential to ensure accurate and highly repeatable result from the same batch of samples. 
 
Figure 8.5-1: The proposed rotavapor distillation equipment as alternative method of 
measuring the oil content.   
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Another factor which may affect the integrity of the sample are bacterial content. 
Bacteria can digest oil and lower the oil content of a sample. However, they can be 
controlled by the addition of acid to a pH less than 2 or by cooling the samples to 4 ° C or 
both [52]. Heat can cause vaporization losses and samples stored for more than a few 
minutes should be kept at ambient temperatures or cooler. The ultra violet rays of 
sunlight can also degrade some hydrocarbons particularly aromatics and samples should 
be stored in the dark or at least out of sunlight. Procedures are needed to ensure that 
samples are protected from degradation and misuse. Although in the current experiments, 
all samples were analysed within the same day or the next to prevent possible changes in 
the properties of the sample, however, it is recommended to store the acidized sample in 
fridge for the preservation of the sample integrity, just in case of replicate measurement 
are required only at a several days later.    
Also the solvents used in oil in water analyses are vary in volatility. Both high 
temperature and vigorous shaking tend to promote evaporation of these solvents. Caudle 
[52] has reported an experience indicates that solvent recovery after extraction can be as 
low as 60% to as high as 85%, the recovered volume varies with sample temperature, 
extraction energy used and extraction time. For due reason, Caudle recommended that the 
volume of the extract should be diluted back to the original volume during each 
extraction before the oil and grease determine is made. This step has not been done 
during the experiments in this work, it offers explanation to possible overestimation of oil 
content in some readings and should be taken into consideration of future measurement 
so that the solvent volatility problems can be partially avoided or compensated for. 
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8.6  Recommendations for Future Works 
While there were considerable doubts about the performance of tangential flow 
microfiltration for the separation of oil in water emulsions, the research presented in this 
thesis has come a long way in clarifying many of these reservations. It has been proved 
that the tangential flow microfiltration is a feasible option for the treatment of produced 
water.  This is promising area of research as the advancement of technology in this 
particular topic of interest, if possible, would make the subsea produced water 
management and other applications feasible. However,  in author’s opinion,there are still 
are limitations of the present study and scope to be considered for the future works: 
i. Produced water contains a number of substances, in addition to hydrocarbons, 
such as toxicants and naturally occurring radioactive materials (NORM) which 
are hazardous   to operators and environment, hence requires license to own and 
strict compliance to environmental regulation for the disposal. Therefore, the 
current research have substituted the use of oil field produced water with oil in 
water emulsion using paraffin oil and hydraulic oil (Mobil Exxon DTE10 Excel 
150) as a substitute. The experimental results may not truly represents the actual 
performance of using oilfield produced water, which may contains dissolved 
hydrocarbons contents (soluble oil) which may not be effectively removed by 
conventional gravitational-type separation equipment and the membrane 
technology.  
ii. In this study, only effects of the organic fouling (oil) colloidal fouling (suspended 
dirt) on the flux performance are studied. Other type of fouling, such as scaling or 
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precipitation fouling (involves crystallization of solid salts and other scaling ions 
include calcium, magnesium, bicarbonate, sulphate, silica, iron and barium) have 
been excluded from this study.  Both the scaling and bio-fouling (microbial 
growth) are comparatively slow process involves complex interactions between 
the membrane material, dissolved substances, fluid flow parameters and 
microorganisms and therefore have not been considered in this study.   
iii. The extent of homogenization has effects on the drop size distribution of the 
suspended oil in water. The work presented in this thesis was constrainted by 
limited measuring facilities available in measuring the drop size, therefore, the 
experiments have not considered the effects of mean droplet size and droplet size 
distribution towards the filtration performance. 
iv. Each experiments requires a new filter for a fair comparison, the research 
assumed all the filters from the same specs., manufacturers, have consistent 
physical properties such as porosity and mean pore size, however, this is not 
possible in reality. Any two filters will have differing properties but it is believed 
the variations are only slight and negligible. 
v.  Time required to set-up the experiments and purchase of equipments is greater 
than time spent for experiments. As the experiments is meant to explore the 
possibility of having solution for certain existing problem such as fouling control, 
parametric study is not the critical scope of interest at the moment. 
vi. The treatment of produced water often consists of a two steps approaches such as 
(1) removing oil and grease and other organics, and (2) removing salts and other 
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in-organics including toxicants from the  produced water. However, the current 
scope of the study is limited to the first step only. It is recommended in the future 
works to extend the scope by investigating the reduction in salts and others in-
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APPENDIX A.CHARACTERISTICS OF PRODUCED WATER 
Produced water contains a number of substances, in addition to hydrocarbons, that affect 
the manner in which the water is handled. The composition and concentration of 
substances may vary between fields and even between different production zones within 
a single field. The terminology used for concentration is milligrams per litre (mg/l), 
which is mass per volume ratio and is approximately equal to parts per million or ppm.  
[10] 
 
A.1 Dissolved Solid 
Produced waters contain dissolved solids, but the amount varies from less than 100 to 
over 300,000 mg/l, depending on the geographical location as well as the age and type of 
reservoir [10]. 
Dissolved solids are inorganic constituents that are predominantly sodium (Na+) cations 
and chloride (Cl-) anions. Other common cations are calcium (Ca2+), magnesium (Mg2+), 
and iron (Fe2+), while barium (Ba2+), potassium (K+), strontium (Sr+), aluminum (Al3+), 
and lithium (Li+) are encountered less frequently. Other anions present are bicarbonate 
(HCO3-), carbonate (CO32-), and sulfate (SO4-) .  
 
A.2 Precipitated Solids (Scales) 
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The more troublesome ions are those that react to form precipitates when pressure, 
temperature, or composition changes occur. These are the well known deposits that form 
in tubing, flow-lines, vessels, and produced water treating equipment, such as calcium 
carbonate (CaCO3), calcium sulfate  (CaSO4), and iron sulfide (FeS2) scale.  
However, scale-inhibiting chemicals are available to retard or prevent all types of scale. 
They mostly function by enveloping a newly precipitated crystal, thereby retarding 
growth.  
 
A.4. Sands and Other Suspended Solids 
In addition to scale particles, produced water often contains other suspended solids. 
These include formation sand and clays, stimulation (fracturing) proppant, or 
miscellaneous corrosion products.  
Small amounts of solids in produced water may or may not create problems in water 
treating depending on the particle micron size and its relative attraction to the dispersed 
oil. If the physical characteristics and electronic charge of such solids result in an 
attraction to the dispersed oil droplets, the solid particles can attach to the dispersed oil 
droplets to stabilize emulsions, thereby preventing coalescence and separation of the oil 
phase. 
 
A.5 Dissolved Gas 
   
165 
 
The most important gases found in produced water include natural gas (methane, ethane, 
propane, and butane), hydrogen sulfide, and carbon dioxide. 
In the reservoir the water can be saturated with these gases at relatively high pressures. 
As the produced water flows up the wells, most of these gases flash to the vapor phase 
and are removed in primary separators and stock tanks. 
Natural gas components are slightly soluble in water at moderate to high pressures and 
will be present in the produced water stream [3]. 
If hydrogen sulfide is present in the produced reservoir fluid, or if sulfate reducing 
bacteria are a problem in the reservoir or production equipment, hydrogen sulfide will 
likewise be present in the produced water stream. Hydrogen sulfide is corrosive, can 
cause iron sulfide scaling, and is extremely toxic if inhaled. The toxicity of hydrogen 
sulfide hinders operation and maintenance of equipment [10] 
Additionally, iron sulfide (the corrosion product of hydrogen sulfide) presents a potential 
fire hazard since it is prone to auto-ignition when exposed to air or other sources of 
oxygen. 
If carbon dioxide is present in the produced reservoir fluid, it too will be present in the 
produced water. Carbon dioxide is corrosive and can cause CaCO3 scaling. 
On the other hand, removal of CO2 and H2S will result in increased pH, which could 
lead to scaling. 
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Oxygen is not found naturally in produced water. However, when the produced water is 
brought to the surface and exposed to the atmosphere, oxygen will be absorbed into the 
water. Water containing dissolved oxygen can cause severe and rapid corrosion, solids 
generation from oxidation reactions, and oil weathering that inhibits cleanup. 
 
A.6 Oil In Water Emulsion 
The emulsions in produced water are often dispersed oil in a water continuous phase. 
Dispersed oil can consist of oil droplets ranging in size from about 0.5 μm in diameter to 
greater than 200 μm in diameter. Figure 1.2-2 in section 1.2 illustrates a typical oil 
volume distribution curve in produced water effluent.  
In the absence of data, the generalized relationship can be used for oil droplet size 
distributions. For produced water effluent from a three phase separator, a maximum oil 
droplet diameter of 250–500 μm and an oil content of 1000–2000 mg/l can be used in the 
absence of field data. For first phase de-oiling equipment, an oil droplet diameter of 30 
μm with inlet total oil levels less than 100 mg/l can be assumed for produced water feed 
to final treating equipment. 
The oil droplet size distribution is one of the key parameters influencing the produced 
water treating performance. According to Stokes’ law, the rising velocity of an oil droplet 
is proportional to the square of the droplet diameter. Small droplets require excessive 
gravity settling time, thus they tends to escape from the mechanical separation process 
and will be in the form of dispersed oil droplets in a water continuous phase.  




A.7 Dissolved Oil Concentrations 
Dissolved oil is also called “soluble oil,” representing all hydrocarbons and other organic 
compounds that have some solubility in produced water.  
Gravitational-type separation equipment will not remove dissolved oil. Thus, a high level 
of total oil and grease could be discharged if the produced water source contains 
significant quantities of dissolved oil. Produced water streams containing high 
concentrations of dissolved oil can be recycled to a fuel separator to help reduce the 
quantity of dissolved oil in the water effluent. Other technologies, such as bio-treatment, 
adsorption filtration, solvent extraction, and membranes, are currently being evaluated by 
the industry for removing dissolved oil, but such processes are not yet readily available 
for commercial applications [10] 
 
A.8 Toxicants 
Produced water may contain dispersed oil, dissolved oil, metals, ammonia, treating 
chemicals, and salts. Each of these constituents could act as a source of toxicity. 
The toxicity of produced water is determined by exposing groups of test organisms to a 
series of produced water concentrations in seawater for a fixed period of time. The 
cumulative effect is measured as a function of concentration. The object of the test is to 
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observe effects of the test organisms such as mortality, reduction in rate of growth, and 
reduction in ability to reproduce. 
Test results are expressed either as the maximum concentration of produced water that 
will produce no effect on the test organisms (NOEC) or as the concentration that 
produces a 50% effect on the test organisms (LC-50), which stands for the concentration 
that is lethal to half of the test organisms.  For effects on growth, or other indicators, the 
test result is expressed as an “EC-50,” which stands for the concentration that produces 
an effect on 50% of the test organisms. 
Field studies show produced water discharged into the open ocean is diluted to 
concentrations of 1% or less within a few meters of the discharge pipe. Dilution to 
concentrations below a few tenths of a percent typically occurs within 300 ft (100 m) of 
the discharge pipe. Furthermore, the produced water plume occupies only a small fraction 
of the water column and is constantly moving due to local currents. As a result, it is 
highly unlikely that organisms in the marine environment will be exposed to elevated 
produced water concentrations for the long exposure times used in laboratory toxicity 
tests. The rapid initial dilution of produced water discharges and long exposure times 
needed to cause observable toxicity greatly reduce the potential for toxic effects on 
marine life from produced water discharges into the open ocean. 
Proper outfall design can significantly reduce the potential for toxic effects from 
produced water discharges. Outfalls should be positioned such that the effluent plume 
does not contact the sea bottom. Bottom contact greatly reduces the rate of dilution and 
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makes it possible for the produced water to have a direct impact on the organisms on the 
ocean floor. 
Published research results indicate that organic compounds in produced water are 
significant factors in toxicity but not the source of toxicity in all cases. Common industry 
practice for water treating is to reduce the dispersed oil content of produced water 
effluent and as a result may not fully treat all sources of toxicity. That is reason why 
produced water toxicity is regulated only in the United States, where government permit 
limits the toxicity or produced water that can be discharged in the Gulf of Mexico. 
 
A.9 Naturally Occurring Radioactive Materials (NORM) 
NORM can be transported to the surface in produced water and can be found in 
production waster, equipment, and solids at production facilities. At offshore locations, 
dissolved NORM are discharged along with produced water. Because of concern over 
human exposure to environmental radiation, oil-field NORM have received regulatory 
attention and managing waste has become significant cost factor for the industry.  
Oil filed NORM result from the presence of uranium and thorium in hydrocarbon bearing 
formations. Many oil and gas bearing formation contain shales that have higher than 
average concentrations of  uranium and thorium. These elements occur in chemical form 
that are not water soluble under reservoir condition (U238 and Th232 ). However, U238 and 
Th232 decay into different isotopes of radium (Ra236 and Ra228). These radium isotopes 
further decay into the radioactive gas called radon (Ra232). Both radium and radon are 
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soluble in formation water under reservoir conditions and can be transported to the 
surface along with oil, gas, and produced water.  
Oil-field NORM are an environmental concern because of the potential for human 
exposure to ionizing radiation. The radium and radium decay products in oil field NORM 
present a hazard only if taken into the body by ingestion or inhalation. The discharge of 
radium in produced water is of concern because it may accumulate in the seafood 
consumed by humans. Since no establish safe level exists for the intake of radium, any 
consumption of radium in food is of potential concern.  
Regulation governing NORM focuses on equipment and waste that containing NORM 
rather than produced water. Existing regulations do not limit the radium concentration in 
offshore produced water discharges, while operators in the U.S. Gulf of Mexico are 




Most produced waters contain bacteria (ie. aerobic, anaerobic and facultative bacteria) 
but generally in small amounts. Any place where water lies stagnant offers an ideal site 
for the establishment of bacterial colonies. These places include the bottoms of vessels, 
ahead of blind flanges and beneath corrosion products in lines. Growth is affected by oil 
or water treating chemical selection because the SRB require sulphate but also need a 
nutrient, which can be supplied by the carbon nitrogen, or phosphorous in chemicals.  
   
171 
 
Measurement is done according to API RP 38, “Recommended Practice for Biological 
Analysis of Subsurface Injection Waters.”  If the SRB count is less than 10 000/ml, 
bacteria shouldn’t be a problem. If the total bacteria count is greater than 100 000/ml, 
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APPENDIX B. REGULATORY STANDARD FOR OVERVBOARD 
DISPOSAL OF PRODUCED WATER. 
 
In the meantime, the current regulations require the “total oil and grease” content of the 
effluent water to be reduced to levels ranging between 15 and 50 mg/l depending upon 
the host country. The current limit of oil that may be discharged with produced water into 
navigable water of the United States is 29 mg/l as determined from an average of four 
samples taken within 24 hour per month countries [10]. 
Example of produced water effluent oil concentration limitation for several countries 
worldwide are summarised in Table C.1 as follows:  
 
 
Table B.1  Offshore Disposal Standards for Several Oil Producing Countries [10]. 
 
Produced water toxicity is regulated only in the United States, where a government 
permit is necessary to limit the toxicity of produced water discharged into the waters [11]. 
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APPENDIX C. FLOW SAMPLING EFFICIENCY. 
The main concern with the use of samplers is that the sample collected may not be 
exactly representative of the actual composition insider the pipeline. Even when the flow 
upstream of the sampling probe is homogeneous, the composition of the collected sample 
may differ from actual composition insider the pipeline. 
In any sampling method, the sampling probe plays a key role. Therefore the design and 
orientation of the probe are important consideration in sampling operations. The 
performance of any sampling device is evaluated in terms of sampling efficiency E [12], 
defined as   
E = φM / φA     (C-1) 
where φM is the measured concentration (volume basis) of the dispersed phase and φA is 
the actual concentration inside the pipeline. If the concentration of dispersed droplets is 
not uniform across the cross section of the pipe, then φA the local concentration upstream 
of the probe.  
The sampling efficiency may deviate from an ideal value of unity owing to several 
factors including droplet inertia, droplet coalescence, droplet bouncing at the probe, and 
the structure of the flow ahead of the sampler.  
 
C.1 Droplet Inertia 
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The densities of oil and water are different, and therefore the inertia of the same volumes 
of oil and water are different. However, this difference in inertia is not a significant 
problem in the case of Oil in Water emulsions where oil droplets, having lower inertia, 
can easily follow the changes in flow direction. 
 
C.2 Droplet Coalescence 
King et al.  in the study of Water in Oil Samplers [12], observed that if the sampling was 
done at low sampling rates, that is , sub-isokinetically with U < 0.2 Uo, the water droplets 
exhibited a tendency to coalesce ahead of the sample probe. Consequently, the 
coalescence of droplets under sub-isokinetic sampling (Figure C.2.1) conditions resulted 
in sampling efficiencies significantly lower than unit. This is due to the large water 
droplets dropped out of the probe because the negative buoyancy forces exceed the 
viscous drag forces that carried the droplets. It was recommended that the probes to be 
installed horizontally pointing upstream, especially when sub-isokinetic sampling is used.  
 
Figure C.2.1 Flow sampling arrangement. 
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The sub-isokinetic sampling refer to a case when U/Uo < 1, where U is the velocity of the 
fluid in the sample probe, and Uo is the velocity of the fluid upstream of the probe.  
 
C.3 Droplet Bouncing Effect 
A bouncing effects occurs when the probe, assuming it to be  L-shaped, is thick and 
blunt. When the droplets hit the probe wall, they lose some of their inertia and make their 
way into the probe.  
Thus the concentration of the sample may be significantly higher than the actual 
concentration. To avoid bouncing effects, either the probe wall should be very thin or the 
probe should be tapered with a small tip angle (ө), refer to Figure C.3.1 
 
 
Figure C.3.1 Design of sampling probe. 




C.4 Flow Structure Ahead of the Sampler 
The structure of the flow ahead of the sampler can have a significant influence on the 
sampling efficiency; for example, if the sampling probe is installed downstream of a pipe 
bend, such as a 90” elbow, the flow ahead of the sampler will be strongly three-
dimensional, having a helical-type motion, and therefore it would be difficult, if not 
impossible, to align the probe with the fluid velocity vector.  
To overcome the difficulties associated with flow-disturbing elements such as pipe bends, 
etc., it is generally recommended that either the sampler should be installed at least 20 
pipe diameters or more downstream from any bend, valve, or other pipe fittings, or some 
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APPENDIX D. RAW DATA FOR MICROFILTRATION 
EXPERIMENT. 
 
D.1 Microfiltration Experimental data sheet 1 
Experiment date  : December 11 -13, 2013    
Venue    : Fluid Mechanics Lab II, EWS2, NUS. 
Investigator  :  Wan Thiam Teik 
Witnessed by   : Dr. Velente (RF), Koko Naeng (RS), Vivek (RS). 
Experiment no. : MF-01 
Objective  :  1. Observation of permeability decline (run 01-21)  
2. Collecting samples for oil rejection study (run 16-21)   
Labview data  : Run20 – Run 45.dat 
Feed   : Water from tap (run 01-15), 1000 ppm oily water (run 16-
21)  
Type of oil  : Paraffin Oil, viscosity 8.712 x 10-2 Pa.s or 87.12 cP at 20˚C 
Filter   : Doulton microfiltration ceramic filter, 0.5 μm (pore size) 
Dimension  : 47 mm (OD), 32 mm (ID), 210 mm (L), 7 mm (THK) 
Surface area  : 0.0211115 m2 (inner) 
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D.2 Microfiltration Experimental data sheet 2 
Experiment date  : February 04 -05, 2013   
Venue    : Fluid Mechanics Lab II, EWS2, NUS. 
Investigator  :  Wan Thiam Teik 
Witnessed by   : Vivek (RS). 
Experiment no. : MF-02  
Objective  :  1. Observation of permeability decline (run 01-06)  
2. Collecting samples for oil rejection study (run 07-12)   
Labview data  : Run47 – Run 58.dat 
Feed   : Water from tap (run 01-06), 500 ppm oily water (run07-12)  
Type of oil  : Paraffin Oil, viscosity 8.712 x 10-2 Pa.s or 87.12 cP at 20˚C 
Filter   : Doulton microfiltration ceramic filter, 0.5 μm (pore size) 
Dimension  : 47 mm (OD), 32 mm (ID), 210 mm (L), 7 mm (THK) 














J = Q/A 
(m/s) 
Permeability 
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APPENDIX E. RAW DATA FOR SAMPLING MEASUREMENTS. 
E.1 Sampling measurement data sheet 1 
Measurement date  : December 14 -17, 2013    
Venue    : Fluid Mechanics Lab II, EWS2, NUS. 
Measured  :  Wan Thiam Teik 
Witnessed by   : Vivek (RS). 
Experiment no. : S-01  
Objective  :  Measurement of samples collected in experiment MF-01 
Instrument  : TD-500 D oil in water meter 
Remarks  :  O0 in the following description means the feed is clean 
water, 
     O1000 means 1000 ppm oily water, P1 means pressure at  
     approximately 1 barg and so on. 
 
Sample Run Description FV 













Clean water in tank 
Before experiment 
After 5 runs of exp 
 
 
97.4, 93.8, 95, 96.4, 97.3 





















































At filtration end 
Filtrate, O0, P1.0 
Filtrate, O0, P1.5 
Filtrate, O0, P2.0 
Filtrate, O0, P2.5 
Filtrate, O0, P3.0 
Filtrate, O1000, P1.0 
Filtrate, O1000, P1.5 
Filtrate, O1000, P2.0 
Filtrate, O1000, P2.5 
Filtrate, O1000, P3.0 
Filtrate, O1000, P3.5 
 
At supply end 
Feed, O1000, P1.0 
Feed, O1000, P1.5 
Feed, O1000, P2.0 
Feed, O1000, P2.5 
Feed, O1000, P3.0 
Feed, O1000, P3.5 
 
91.4, 92, 92.7, 89, 91.1 
93.6, 93.4, 90.9, 92.4, 89 
82.4, 78.7, 83.5, 81.5, 79.7 
79.3, 85.1, 82.7, 80.6, 82.6 
96.1, 94.3, 96.1, 93.3, 94.1 
101.3, 100.4, 99.6, 98.5, 100.3 
99.7, 98.5, 96.6, 96.4, 94.5 
100, 101, 99.7, 98.6, 99.9 
91.3, 92.3, 92.5, 94.9, 91.6 
159.1, 158.3, 154.5, 155.7, 150.2 
206.7, 203.6, 200.8, 202.8, 201.6 
 
 
1172, 1182, 1177, 1171, 1165 
1008, 998.4, 996.4, 1017, 1013 
718.7, 719.8, 719.6, 714.2, 716.8 
953.6, 950.6, 942.9, 936.5, 929.3 
1046, 1047, 1037, 1029, 1030 
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E.2 Sampling measurement data sheet 2 
Measurement date  : February 06 -02, 2013   
Venue    : Fluid Mechanics Lab II, EWS2, NUS. 
Measured  :  Wan Thiam Teik 
Witnessed by   : Vivek (RS). 
Experiment no. : S-02  
Objective  :  Measurement of samples collected in experiment MF-02 
Instrument  : TD-500 D oil in water meter 
Remarks  :  O0 in the following description means the feed is clean 
water, 
     O1000 means 1000 ppm oily water, P1 means pressure at  
     approximately 1 barg and so on. 
 























1009, 1020, 1026, 1025, 1021 
-2.7, 0, 0.4, -1.9, -1.3 



















































Clean water in tank 
Before experiment 
 
At filtration end 
Filtrate, O500, P1.0 
Filtrate, O500, P1.5 
Filtrate, O500, P2.0 
Filtrate, O500, P2.5 
Filtrate, O500, P3.0 
Filtrate, O500, P3.5 
 
At supply end 
Feed, O500, P1.0 
Feed, O500, P1.5 
Feed, O500, P2.0 
Feed, O500, P2.5 
Feed, O500, P3.0 
 
 
59, 61.1, 59.5, 62.8, 66.7 
 
 
42.8, 39.3, 42.6, 44.6, 41.2 
29.8, 31.7, 26.6, 26.2,27.1 
19.3, 18.3, 19.9, 20.3, 21.4 
15.5, 17.3, 17.3, 17, 17.4 
69.7, 71.2, 71.3, 71.5, 68.7 
108.8, 105.4, 107.1, 106, 106.5 
 
 
473.4, 466.3, 461.5, 463.1, 461.6 
509.5, 506.2, 505.7, 504.2, 501 
256.1, 259.1, 257.6, 258.6, 258.1 
303.1, 305.3, 305, 304.6, 301.9 
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APPENDIX F. RAW DATA FOR FOULING CONTROL 
EXPERIMENTS. 
 
F.1 Fouling Control Experimental data sheet 1 
Experiment date  : March 19, 2013    
Venue    : Fluid Mechanics Lab II, EWS2, NUS. 
Investigator  :  Wan Thiam Teik, Tang Yan 
Experiment no. : FC-01 
Filtration type  : Dead End Filtration 
Description  :  1. Forward Filtration for the first 20 mins;  
2. Back-flusing with ultrasound OFF the next 15 mins;   
3. Back-flushing with ultrasound ON for the last 10 mins; 
Feed   : 3% vol. oily water (0-20 mins) , Water from tap (20-45 
mins) 
Type of oil  : Paraffin Oil, viscosity 8.712 x 10-2 Pa.s or 87.12 cP at 20˚C 
Filter   : BACFREE dead end ceramic filter, 0.5 μm (pore size) 
Dimension  : 47 mm (OD), 32 mm (ID), 115 mm (L), 7 mm (THK) 







J = Q/A 
(m/s) 
Permeability 








(L water/ m2.hr) 
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F.2 Fouling Control Experimental data sheet 2 
Experiment date  : March 20, 2013    
Venue    : Fluid Mechanics Lab II, EWS2, NUS. 
Investigator  :  Wan Thiam Teik, Tang Yan 
Experiment no. : FC-02 
Filtration type  : Dead End Filtration 
Description  :  1. Forward Filtration for the first 20 mins;  
2. Back-flushing with ultrasound ON for the last 25 mins; 
Feed   : 3% vol. oily water (0-20 mins) , Water from tap (20-45 
mins) 
Type of oil  : Paraffin Oil, viscosity 8.712 x 10-2 Pa.s or 87.12 cP at 20˚C 
Filter   : BACFREE dead end ceramic filter, 0.5 μm (pore size) 
Dimension  : 47 mm (OD), 32 mm (ID), 115 mm (L), 7 mm (THK) 








J = Q/A 
(m/s) 
Permeability 
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F.3 Fouling Control Experimental data sheet 3 
Experiment date  : September 12, 2013    
Venue    : Fluid Mechanics Lab II, EWS2, NUS. 
Investigator  :  Wan Thiam Teik, Wang Zheng 
Experiment no. : FC-03-1A  
Filtration type  : Microfiltration 
Description  :  1. Microfiltration without ultrasound for the first 10 runs;  
2. Backflushing without ultrasound for 10 mins, 11th run;   
3. Backflushing without ultrasound for 10 mins, 12th run; 
4. Each run with interval of 10 mins. 
Feed   : 1000 ppm oily water (All runs) , Water from tap (back-
flushing) 
Type of oil  : Hydraulic Oil (Mobil Exxon DTE10 Excel 150)  
Oil viscosity  : 0.326  Pa.s or 325.665 cP at 25 degree Celsius 
Filter   : Doulton microfiltration ceramic filter, 0.5 μm (pore size) 
Dimension  : 47 mm (OD), 32 mm (ID), 100 mm (L), 7 mm (THK) 
Surface area  : 0.01005 m2 (inner) 
 
 









J = Q/A 
(m/s) 
Permeability 
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F.4 Fouling Control Experimental data sheet 4 
Experiment date  : September 12, 2013    
Venue    : Fluid Mechanics Lab II, EWS2, NUS. 
Investigator  :  Wan Thiam Teik, Wang Zheng 
Experiment no. : FC-04-2A  
Filtration type  : Microfiltration 
Description  :  1. Microfiltration with ultrasound ON for the first 10 runs;  
2. Back-flushing with ultrasound ON for 10 mins, 11th run;   
3. Back-flushing with ultrasound ON for 10 mins, 12th run; 
4. Each run with interval of 10 mins. 
5. Ultrasound tank : 4 x 50 w x 38 kHz ultrasonic 
transducers 
Feed   : 1000 ppm oily water (All runs) , Water from tap 
(backflushing) 
Type of oil  : Hydraulic Oil (Mobil Exxon DTE10 Excel 150)  
Oil viscosity  : 0.326  Pa.s or 325.665 cP at 25 degree Celsius 
Filter   : Doulton microfiltration ceramic filter, 0.5 μm (pore size) 
Dimension  : 47 mm (OD), 32 mm (ID), 100 mm (L), 7 mm (THK) 
Surface area  : 0.01005 m2 (inner) 
 









J = Q/A 
(m/s) 
Permeability 
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F.5 Fouling Control Experimental data sheet 5 
Experiment date  : October 4, 2013    
Venue    : Fluid Mechanics Lab II, EWS2, NUS. 
Investigator  :  Wan Thiam Teik, Wang Zheng 
Experiment no. : FC-05-1B 
Filtration type  : Microfiltration 
Description  :  1. Microfiltration without ultrasound for the first 10 runs;  
2. Backflushing without ultrasound for 10 mins, 11th run;   
3. Backflushing without ultrasound for 10 mins, 12th run; 
4. Each run with interval of 10 minutes. 
Feed   : 500 ppm oily water (All runs) , Water from tap (back-
flushing) 
Type of oil  : Hydraulic Oil (Mobil Exxon DTE10 Excel 150)  
Oil viscosity  : 0.326  Pa.s or 325.665 cP at 25 degree Celsius 
Filter   : Doulton microfiltration ceramic filter, 0.5 μm (pore size) 
Dimension  : 47 mm (OD), 32 mm (ID), 100 mm (L), 7 mm (THK) 
Surface area  : 0.01005 m2 (inner) 
 
 










J = Q/A 
(m/s) 
Permeability 
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F.6 Fouling Control Experimental data sheet 6 
Experiment date  : September 26, 2013    
Venue    : Fluid Mechanics Lab II, EWS2, NUS. 
Investigator  :  Wan Thiam Teik, Wang Zheng 
Experiment no. : FC-06-2B  
Filtration type  : Microfiltration 
Description  :  1. Microfiltration with ultrasound ON for the first 10 runs;  
2. Back-flushing with ultrasound ON for 10 mins, 11th run;   
3. Back-flushing with ultrasound ON for 10 mins, 12th run; 
4. Each run with interval of 10 mins. 
5. Ultrasound tank : 4 x 50 w x 38 kHz ultrasonic 
transducers 
Feed   : 500 ppm oily water (All runs) , Water from tap (back-
flushing) 
Type of oil  : Hydraulic Oil (Mobil Exxon DTE10 Excel 150)  
Oil viscosity  : 0.326  Pa.s or 325.665 cP at 25 degree Celsius 
Filter   : Doulton microfiltration ceramic filter, 0.5 μm (pore size) 
Dimension  : 47 mm (OD), 32 mm (ID), 100 mm (L), 7 mm (THK) 
Surface area  : 0.01005 m2 (inner) 
 









J = Q/A 
(m/s) 
Permeability 
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F.7 Fouling Control Experimental data sheet 7 
Experiment date  : October 4, 2013    
Venue    : Fluid Mechanics Lab II, EWS2, NUS. 
Investigator  :  Wan Thiam Teik, Wang Zheng 
Experiment no. : FC-07-3 
Filtration type  : Microfiltration 
Description  :  1. Microfiltration without ultrasound for the first 10 runs;  
2. Backflushing without ultrasound for 10 mins, 11th run;   
3. Backflushing without ultrasound for 10 mins, 12th run; 
4. Each run with interval of 10 mins. 
Feed   : Clean water from tap (All runs incl. backflushing) 
Type of oil  : Hydraulic Oil (Mobil Exxon DTE10 Excel 150)  
Oil viscosity  : 0.326  Pa.s or 325.665 cP at 25 degree Celsius 
Filter   : Doulton microfiltration ceramic filter, 0.5 μm (pore size) 
Dimension  : 47 mm (OD), 32 mm (ID), 100 mm (L), 7 mm (THK) 













J = Q/A 
(m/s) 
Permeability 
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APPENDIX G. TECHNICAL SPECIFICATIONS. 
This appendix provides technical specifications of the facility components used during 
the microfiltration and fouling control experiments.  
1. Specifications for feed pump in the microfiltration experiments: 
1. Type Centrifugal Pump 
2. Model Pedrollo CPm 190 
3. Power Single Phase 240v/50 Hz, 1.6 kW 
4. Flow rate 30-140 l/min 
5. Max. Head 50 m 
 
2.  Specification of feed pump in the fouling control experiments: 
1. Type Transfer Pump 
2. Model Davey XF221 
3. Power Single Phase 240v/50 Hz, 0.78 kW 
4. Flow rate 225 lpm (max.) 
5. Max. Head 20 m 
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3. Specification of ultrasonic tank: 
1. Model Bring New GB-10LB 
2. Ultrasonic Power 220 W 
3. Ultrasonic Frequency 40 kHz 
4. Tank Size 300 mm x 240 mm x 150 mm 
5. Capacity 10000 ml 
 
4. Specifications of Motor and speed controller for Mixer: 
1. Type DC Motor c/w Speed controller 
2. Power 180 watt 
3. Ratio 1:6 
4. Output speed 300 rpm (max.) 
5. Speed controller DC 0-180v 
 
5. Flow Meters: 
1. Meter type votex 
2. Manufacturer Invensys Foxboro 
3. Line size 1 inch 
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6. Specifications of Pressure Sensors: 
1. Type Winters pressure transmitter 
2. Model LE3 general purpose transmitter 
3. Pressure  0-10 bar 
4. Output signal 2 wire 4-20 mA 
5. Response time 2 wire < 10 msec 
6. Permissible temperature -13˚F to 257˚F 
 
 
